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Abstract
The prime objective of this project was to fabricate environmentally friendly novel rare earth 
based ceramic coloured pigments to replace totally or partially, transition metal ions. 
Transition metal ions, presently used by the ceramic and glass industries for many decoration 
applications, are recognized to be more toxic than the rare earth ions. Firstly, rare earth oxides 
have been incorporated into the various host lattices such as zircon, spinel, sphene, garnet, 
olivine, and alumina to develop new pigments. A yellow colour was observed when 
praseodymium oxide was put into the zircon lattice. Addition of cerium oxide to the 
praseodymium oxide in the same lattice formed an orange-yellow coloration. Terbium oxide 
in a host lattice of zircon created a lemon shade of yellow, different in hue compared to Pr- 
ZrSiCU yellow. All other rare earth oxides gave off white colours in zircon as well as in other 
host lattices. A pale pink colour was noticed when Er203 was included in the zircon lattice.
Failure to generate a wide range of colours in the preliminary project plan caused experiments 
to be carried out on the various rare earth cuprates, of the type I^BaCuOs and R2CU2O5. 
Different green and bluish-green colours were observed in these systems. A number of trials 
were also performed on various mixed oxide systems such as E^M oO n, Bao.sLao.s Nao.5 
Cuo.5Si4Oio and Bao.sLao.s Nao.s Cuo.sSi206. Orange yellow and various shades of blue 
pigments were obtained. Brownish-red and pink-orange colours were observed when trials 
were performed on Ce02  containing systems. Finally, red colours with different hues were 
noticed with the perovskite structure, AxB(2-x-y)Cry03  (A = rare earth and B = Al). All these 
pigments were fabricated by mixing the appropriate amount of the ingredients thoroughly, 
followed by heat treatment at different temperatures and for various soaking times.
Characterisation of the calcined pigment powders was carried out using techniques such as 
XRD, for the qualitative and quantitative investigation of the phases, and SEM and TEM for 
the surface morphology and micro-structural characterisations. Particle size analysis was 
employed to determine the particle sizes of the pigment powders. Stability of these 
colours/pigments was tested in the unleaded commercial transparent glaze as well as in a lead- 
containing glaze. Reflectance and colour measurements were performed on both the powder 
samples and coloured glazed tiles using a spectrophotometer. The results were explained in 
terms of the stability of the compounds in the local environment, i.e., the atmosphere on lead
containing or lead free glazes. In some cases the generation of colour could be explained by a 
number of fundamental mechanisms and an explanation of why the rare earth oxides are not 
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Inorganic natural and synthetic pigments or colours produced and marketed as fine 
powders are an integral part of many decorative and protective coatings and are used for 
the mass colouration of many materials including glazes, ceramic bodies and porcelain 
enamels \  In all these applications, the pigments are dispersed in the media, forming a 
heterogeneous mixture. Temperature stability is essential for ceramic pigments as they 
must be durable in molten glass, over a range varying from 800°C up to 1250°C depending 
on application 2’3’ 4’5. Several well-known pigments exist for use in this temperature range, 
mainly based on transition or heavy metal ions to achieve the colour and stability required.
However, the use of many of these elements is becoming an environmental issue because 
of their toxicity and the resultant potential health and safety problems encountered in their 
manufacture, use, and eventual disposal 6. Many of the ceramic and glass industries 
nowadays are coming under pressure to reduce or even eliminate some of the elements 
from their products. This is really a very difficult task as research has shown that there are 
no readily available substitutes. The only other series of elements known to produce high 
temperature stable colours in minerals are those from the lanthanide series, the so-called 
rare earths.
The advantages of using the rare earth oxides to produce colours are:
(a) Many of them are found to be significantly less toxic compared with the transition and 
heavy metal oxides.
(b) They are becoming more readily available in a wider variety of forms and purity levels 
as well as at an economical price (Tables 1.1 and 1.2).
(c) They have the potential for producing a wide variety of colours
1
Element Symbol Atomic number Cost (ECU/kg)
Lanthanum La 57 5-20
Cerium Ce 58 5-35
Praseodymium Pr 59 6-30
Neodymium Nd 60 15-40
Promethium Pm 61 Not listed
Samarium Sm 62 15-50
Europium Eu 63 300-500
Gadolinium Gd 64 20-75
Terbium Tb 65 190-400
Dysprosium Dy 66 50-200
Holmium Ho 67 Not listed
Erbium Er 68 30-250
Thulium Tm 69 Not listed
Ytterbium Yb 70 100-200
Lutetium Lu 71 1250-2500
Table 1.1 Prices of the rare earth elements provided by Treibacher Auermet, Austria (Project 
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Table 1.2 7 Periodic table o f the elements
1.2 EXPERIMENTAL AIMS
Several of the rare earth oxides give colouration in the native state but are generally pale 
and weak. Incorporation into a host lattice structure or in combination with another oxide 
produces more intense colouration. Hence it was felt that a proper investigation of the use 
of the lanthanide series as colouring chromophores had not been fully undertaken. A 
survey o f the literature revealed that there was possibly some scope for further
3
investigation into the use of rare earth oxides as chromophores in specific host lattice 







Olivine (Mg Fe) S i0 4
Corundum AI2O3
Table 1.3 Chemical formulae of the host lattices considered as carriers for the chromophores
Thus the preliminary objective of this research work was “to characterise and optimise the 
range of pigments and colours which can be produced by combining various rare earth 
compounds (rare earth oxides) with a variety of high temperature stable minerals using the 
solid-state synthesis method”.
ZIRCON
This structure is an equimolar mixture of silica and zirconia formed by high temperature 
calcination. The temperature of formation of the compound can be lowered with the use of 
certain modifiers or mineralisers such as the alkali halides, the most common one being 
sodium fluoride 8’ 9’ 10. The structure has been examined extensively over the years and can 
be made successfully either by the fusion of silica and zirconia at 1050°C or by chemical 
precipitation from soluble compounds of the two oxides n . The zircon structure is
12 13extremely stable to temperature and has been used as a carrier for chromophore oxides ’ .
Hence various rare earth oxides were incorporated into the zircon lattice. Sodium fluoride 
(NaF) and the Lithium fluoride (LiF) were used as mineralisers. Intense yellow colour 
powders with a variety of shades were fabricated with the praseodymium oxide at different 
calcination temperatures with the addition of NaF as a mineraliser. The addition of cerium
4
oxide into the praseodymium oxide (in different ratios) in the same host lattice produced 
orange yellow coloration with a variation in intensity. The incorporation of the terbium 
oxide into the zircon host lattice gave strong lemon shades of yellow colour powders at 
various calcination temperatures depending on the type of mineraliser used i.e., NaF or 
LiF. All other rare earth oxides produced off white colours except Er, which produced a 
very pale pink colour. The stability of these pigment powders was then tested in an 
unleaded commercial transparent glaze. Somewhat different shade of yellows and orange 
yellow coloured glazed tiles were obtained.
Pigment powder samples were optimised in terms of calcination temperatures and soaking 
times prior to further characterisations using a spectrophotometer. X-ray diffraction (XRD) 
was used to identify the different phases present. The weight fraction of the un-reacted 
compound present in the powder sample was calculated using an external standard method. 
Microstructural characterisation was carried out on the powder samples using SEM and 
TEM. The particle sizes of the powder sample were measured using a Malvern particle 
analyser. The CIE (Commission Internationale de I ’Eclairage or the International Lighting 
Commission) values and the reflectance spectra of the pigment powders and coloured glaze 
tiles were calculated using a spectrophotometer.
X-ray diffraction of the samples, which did not give coloration showed failure to produce 
the host structure. In those cases, the rare earth oxides reacted with other elements present 
to form various compounds, producing off white colours and these compounds were 
confirmed to be colourless from the JCPDS (Joint Committee for Powder Diffraction 
Standards) files.
SPINEL
This structure is composed of an equimolar mixture of magnesium oxide and alumina 
formed by high temperature calcination. The temperature required for the formation of this 
structure are much higher than for zircon and so it is harder to achieve full conversion from 
the starting materials. Several spinel structures 14, 15, 16 are known to give pigments stable 
in ceramic applications but these are generally comprised of mixed metal oxides of the 
transition metal series.
5
Results obtained with additions of the rare earth oxides gave only off white colours. XRD 
analysis of the powder samples showed that in these cases the spinel structure had not 
formed and the rare earth oxides had reacted to form various compounds. No colour was 
generated since the compounds formed, as identified by the JCPDS standard, were indeed 
colourless.
SPHENE
The actual sphene structure is an equimolar mixture of calcium oxides, titanium oxide and 
silica calcined at high temperatures. An equivalent structure using tin oxide in place of the 
titanium oxide has been used for several years as the basis of a pink ceramic pigment
17 1 R 1Qwhere chromium oxide is added in small amounts ’ ’ . The chromium oxide acts as a
mordant colour in the modified sphene structure and is present in quantities up to 1 weight
percent. Above this level the chromium oxide starts to become dominant and a
20 21characteristic green colour develops. Much work has been documented ’ on this 
pigment and the use of boric acid as a mineraliser enables the structure to form at relatively 
low calcination temperatures, around 1250°C.
Results for the rare earth additions gave similar trends to those for the spinel system. XRD 
analysis indicated very little formation of the sphene structure.
GARNET
22 23 24 25The garnet series is extensive and is found as many naturally occurring minerals ’ ’ ’ . 
The garnet structure chosen for investigation here was grossularite with the formula 
3CaOAl2C>33Si0 2 . No ceramic pigments based on garnet structures are used but rare earth 
garnets are used in other ceramic applications such as refractories and electronic 
application. These compounds are generally formed at high temperatures.
Again, the formation of the lattice structures was difficult to obtain as the systems formed a 
glassy phase above 1200°C.
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ALUMINA AND OLIVINE
Incorporation of the rare earth oxides into the host lattices of alumina and olivine produced 
off white colours.
OTHER MIXED OXIDE SYSTEMS
After the completion of the initial work programme, experiments on a diverse range of 
mixed oxide systems with rare earths as one of the constituents, which are known to give 
colours 26,11' 28, 29’30,31, were also carried out.
Intense yellow-green and bluish green colour powders were obtained from the R2BaCuOs 
and R2CU2O5 type compounds (R = rare earth) respectively for a range of calcination 
temperature and soaking times. Er6MoOi2 produced an orange yellow colour, Bao.sLao.5 
Nao.5 Cu0.5Si4 0 io and Bao.sLao.5 Nao.5 Cuo.sSi206 formed vivid blue and violet blue colours 
respectively. A range of trials was also performed on the combination of CeC>2 with other 
rare earths. Ce0 2 -Pr6 0 n created reddish brown colours whereas addition of Sni203 to the 
system produced a pink colour. The stability of these pigments was tested in both a 
commercial unleaded transparent glaze as well as a lead containing glaze. X-ray diffraction 
was carried out on the powder samples to determine the different phases and SEM was 
used for the microstructural characterisation. Particle sizes were measured with a Malvern 
particle size analyser.
PERO VS KITES
At the end of the trials with mixed oxide systems, a new strategy was adopted. A review of 
the potential host lattice structures formed by the oxides in the periodic table was 
considered and those which were large enough for the rare earth ions to be incorporated 
were identified. The area of possible research was huge and so a further literature search 
was undertaken to narrow down possible structures. The use of limited amounts of 
transition metals in addition to rare earths was also taken into account.
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The main target of any further research was the development of alternative reds, to replace 
the cadmium-based colours. Several patents and work repeated in the literature ’ had 
noted the development of red colours using a modified structure by Colorobbia. Hence the 
structure was considered for further investigation, (AxB(2-x-y)Cry0 3 ) where A = rare earth, B 
= Al, and 0 .9< x <1.1 and 0. 05<y <0.1.
1.3 CHAPTER LAYOUT
In chapter 2 the literature is reviewed, covering colour measurement, classification and 
application of the pigments, the basic idea about glaze, the mechanism of colour formation, 
recent developments in ceramic pigments, and the possible use of rare earth oxides as 
pigments in high-temperature ceramic applications. In chapter 2, the raw materials and the 
processing method for the preparation of the pigments, together with various 
characterisation methods, are described. Chapters 4, 5 and 6 present the experimental 
results obtained, followed by a discussion of these results for each of the systems 
considered. The stability of the pigments developed during the course of this research work 
is described in chapter 7. Chapter 8 contains a general discussion, whilst our conclusions 
are presented in Chapter 9.
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A general overview of colour, colorant and colour measurement is given in the initial 
section. Definition and measurement of the colour and colorant is given in this section to 
provide a clear understanding of them. Various colour co-ordinates, which specify a colour 
in a uniform colour space, are also explained in detail. Colour tolerances in the CIELAB 
system and its significance in industry are presented. Following on from this, a general 
classification of the pigments is given, taking into account the modem concepts of crystal 
chemistry and structural changes in the crystal lattices of pigments. Classification of the 
pigments on the basis set out by the Dry Colour Manufacturers Association (DCMA) that 
emphasizes the structural and chemical identity of the colouring substance, rather than its 
mechanism of formation and field of usage, is also given. Specific applications of the 
existing pigments and different properties of the pigment and glaze, which affect the final 
product in ceramic application, are explained in detail. Several principles such as the 
principal component of the free energy of an ionic solid material at room temperature, the 
coordinaton polyhedra of the anions about each cation in ionic solid phases and principle 
of electrostatic neutrality, which determine the structure of the pigment are explained.
The basic idea and distributions of rare earth elements in various minerals as well as 
separation of these elements from the minerals is also given. The production and structure 
of rare earth oxides is described. The perovskite compounds are defined and classified. 
Definition and classification of the solid solution and important factors, which affect the 
extent of substitution that can take place in solid solutions, is explained in detail. The 
science underlying the colour formation in inorganic substances is explained in order to 
provide a clear understanding of the colour mechanism in ceramic pigments. The 
importance of using rare earth oxides as a colouring agent for ceramics is also given. 
Finally, recent developments and the possible use of rare earth oxides as pigments in 
ceramic applications are explored.
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2.2 BACKGROUND ON COLOUR AND COLOUR MEASUREMENT
2.2.1 DEFINITION OF THE COLOUR
Colour is the attribute of visual experience that can be described as having quantitatively 
specifiable dimensions of hue, saturation and brightness.
Experience










Table 2.1 Attributes of visual experience 1
2.2.2 CLASSIFICATION OF THE COLOURANTS
While colorant is the correct term for describing the materials used to impart colour to 
objects, the word is still somewhat unfamiliar. Most people prefer to speak of dyes or 
pigments instead of using the more general term. Hence colourants may be pigments or 
dyes. A pigment is coloured and opaque and is insoluble in the applied medium but a dye 
is coloured and transparent and often soluble.
Pigments may be divided into two other categories, organic and inorganic. In ceramics we 
are usually concerned with inorganic coatings in which the pigment binder is a glass.
2.2.3 MEASUREMENT OF THE COLOUR AND COLOURANT
There are several factors, which affect the colour appearance of an object, including the 
light source spectral properties, the level of illumination, background lightness, and various 
psychological factors. Thus there is a distinction between colour and colorant 
measurement. Colour measurement refers to a measurement which relates to what an
12
observer sees, whereas colorant measurement refers to that measurement that relates to the 
colorants used to colour a material and it often does not relate to what the observer sees.
2.2.4 VISIBLE SPECTRUM
The breakdown of white light into components of coloured radiation, shown by Isaac 
Newton, demonstrated the fact that white light is the result of a combination of a broad 
spectrum of coloured radiation. Much later it was shown that light radiation consisted of 
electromagnetic waves just like X-rays and radio waves, therefore it could be specified in 
terms of frequency and wavelength.
The visible radiation spectrum occupies a very small part of the total spectrum of 
electromagnetic radiation. It is generally considered to consist of electromagnetic radiation 






Figure 2.1 2 The visible spectrum (wavelengths are expressed in nm)
2.2.5 DESCRIPTION OF THE VISUAL SENSATION OF COLOUR
There are many methods for describing a colour, and they have the common characteristic 
of using three items of information to specify a three dimensional representative space. In
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colour vision, the visual sensation interprets the impression of colour on the basis of hue, 
saturation or purity and lightness 3’4. The terms are explained below: -
Hue
The hue is the attribute of the visual sensation which gives rise to colour names- Violet, 
blue, orange, red, purple etc. This is the approximate psychosensorial equivalent to the 
dominant wavelength. The graphical representation of hue variations can be represented by 
a circle called the colour circle (Figures 2.2 and 2.3).
Saturation or purity
The saturation or purity is used in visual sensation to assess the proportion of chromatically 
pure colour (monochromatic) contained in the total visual sensation. From the 
psychosensorial point of view, the saturation subjectively specifies the magnitude of the 
coloured character of a light source or of the surface of an object, in contrast to white 
(achromatic), which by definition, has no inherent hue.
Lightness
Lightness is the attribute of visual sensation by means of which the body appears to 
transmit or reflect a greater or lesser amount of light. From the psychosensorial point of 
view, lightness subjectively specifies the brightness of the surface of an object.
Each colour can thus be characterised by these three values, which describe a unique 
colour in a three-dimensional system for the representation of colour.
Figures 2.2 and 2.3 represent the three natural classification factors of colours and three 
factors of visual perception respectively. These factors are lightness, saturation and hue. 
Lightness for a perfect white body is 100 whereas for a black body is 0. The appearance of 
a colour varies with the purity which means highly saturated colour looks bright compared 
to the less saturated colours. Finally, various colours have different hue and therefore hue 
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Figure 2.2 2 The three natural classification factors of colours 
Figure 2.3 2 Three factors of visual perception; hue (red), saturation/purity (brilliant), and lightness
(light)
2.2.6 CONCEPT OF THE TRIPLET AND COLORIMETRY
Colour is an interpretation, by the cortex, of sensations detected by the eye 5’ 6. It is a 
sensation whereby a human observer can distinguish differences between two fields of 
view, where such differences are caused by spectral composition differences in the 
observed radiant energies. Any material only possesses the property of reflecting, to a 
greater or lesser extent, certain electromagnetic radiation to which the human eye is 
sensitive. The spectrum of electromagnetic radiation is very wide and a narrow band of the 
total radiation spectrum is perceptible by the human eye. This is known as light.
Since it is the light which activates the eye, this is the primary element of vision. We can 
see the objects with the help of an eye. Hence the eye is the second element of vision. The 
third element is known as the object that modifies the spectral distribution of the energy
15
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from the light source. Hence a triplet is composed of the light source, the object and the 
observer.
The vision system of the human being enables him to assess, rapidly and continuously, the 
appearance of objects and light sources. The visual judgement of the human observer 
means physical, physiological, and psychological variations, can be translated into 
objective numerical values. This is possible with the help of an instrument called a 
colorimeter.
Colorimetry is defined as the measurement of colour. The measurement of colour allows 
coloured objects to be described, ordered and compared and these operations must be 
accomplished in a logical and repeatable manner, in order to allow successful colour 
comparisons.
2.2.7 CIE (Commission Internationale de I’Eclairage) SYSTEM
Although various systems have been developed for the measurement and ordering of 
colour, the most important system, by far is the CIE system . First published in 1931, this 
colorimetric system is based on the principle that the colour of an object is a combination 
of light, object and observer. The CIE (Commission Internationale de I’Eclairage or the 
International Lighting Commission) is an international organisation concerned with light 
and colour.
The CIE system is based on the premise that the stimulus for colour is provided by the 
proper combination of a source of light, an object and an observer. The sensation of an 
object’s colour is produced by the combination of:
(1) A light source- illuminating an object
(2) An object- reflecting or transmitting light to an observer
(3) An observer- sensing the reflected light
Light source
Light sources can be described by their relative energy outputs, at and over a range of 
wavelengths. These outputs are called relative spectral energy (power) distributions. The
16
colour producing effects of light sources result from the relative amount of energy 
available over specific spectral ranges, not the absolute amount of energy.
The CIE has published spectral output data for various illuminants, in order to facilitate 
and standardize colorimetric computations. These illuminants are:
(1) D65- day light, colour temperature 6500K
(2) A- tungsten, colour temperature 2865K
(3) F2- fluorescent, cool white
(4) FI 1- fluorescent, narrow band cool white
Colour temperature is a method for describing certain characterstics of light. It is the 
measured of the coloured light (spectral powder distribution) rather than the actual 
temperature. It is used to describe the colour of a light source by comparing with the colour 
of a black body radiator. For example, the colour appearance of an incandescent lamp is 
similar to a blackbody radiator heated to about 3000 degrees Kelvin. The Kelvin 
temperature scale uses the same size degree as the centigrade scale, but its zero point is at 
absolute zero (-273 degrees C).
CIE illuminant spectral output data is used in the process of calculating the colour of 
illuminated objects.
Object
The spectral distribution of light reflected from an object depends upon
(1) Light illuminating the object
(2) The way the object modifies the incident light
For opaque objects, reflectance is determined by the following optical characteristics.
(1) Surface reflection - diffuse (rough surface) or directional (smooth surface) reflection
(2) Absorption -  light enters the object and does not emerge, as it is converted to heat
(3) Scattering- light enters the object and is deflected and is then eventually absorbed, or 
exits the object.
The reflectance of an object is determined by a spectrophotometric measurement, with 
calibration to an ideal white, and perfect black. Reflectance data of the object is used in the 
process of calculating the colour of the object.
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Observer
The human brain and eye system senses colour through three types of sensors located in 
the eye’s retina. These cones are sensitive to light in three different wavelengths, referred 
to as L, M and S bands. Processing of the cone signals, by the brain yields output 
sensations interpreted as red, green, yellow and blue.
There are two CIE standard observers that can be used when computing CIE tristimulus 
values. For an instrumental colour assessment to simulate a visual evaluation, the system 
must have information about how the eye responds to colour stimuli. The standard 
observer data describes the response of the human eye to colour.
There are 2 sets of observer data: 1931 (2°) and 1964 (10°) data. The 2° (1931) is 
sometimes preferred for small samples. The 1964 standard observer data is generally used 
in instrumental colour evaluations, and is preferred for large samples.
2.2.8 TRISTIMULUS VALUES
CIE tristimulus values X, Y, and Z are the coordinates of colour sensation, and form the 
foundation of the CIE colour space. These values are calculated by the spectral integration 
of the following data functions, on a wavelength by wavelength basis:
(1) A selected CIE illuminant
(2) An object’s spectrophotometric measurement
(3) A selected observer CIE observer (2° and 10°)
The values X, Y, and Z define particular colours. These values are utilized in the 
computation of CEE L*a*b* coordinates where colours are described as ordered and CIE 
L*a*b* colour differences where colours are compared.
2.2.9 CIE 1976 L*a*b* (CEELAB)
The CIE 1976 L*a*b* colour space is the most widely used method for measuring and 
ordering object colour. The 1976 CIELAB colour space is a mathematical transformation
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of the colorimetric system first published by the CIE in 1931. Both the colour spaces are 
based on the same fundamental principles that
(1) Colour is a sensation resulting from the combination of a light, an object, and an 
observer
(2) A light source illuminates the object
(3) An object modifies the light, and reflects (or transmits) it to an observer
(4) An observer senses the reflected light
(5) Tristimulus values are the coordinate of the colour sensation, computed from the CIE 
data.
The advantages of the CIE 1976 L*a*b* system over the CIE 1931 L*a*b* system are:
(1) It is more perceptually uniform
(2) It is based on the useful and accepted colour describing theory of opponent colours.
The 1976 CIELAB system improved on the 1931 system by organising colours so that 
numeric differences between colours agreed consistently well with visual perceptions.
2.2.10 OPPONENT COLOUR COORDINATES
The method of describing colours by an opponent-type system has proven useful and 
widely accepted. This approach is based on the fact that somewhere between the eye and 
brain, information from cone receptors in the eye gets coded into light-dark (also white- 
black), red-green, and yellow-blue signals. From this concept it was also confirmed that 
colours cannot be red and green or yellow and blue at the same time but can be considered 
as combinations of red and yellow, red and blue, green and yellow and green and blue.
The colour coordinates in the CIE L*a*b* uniform colour space in rectangular coordinates 
are:
L* - The lightness coordinate
a* - Red/ green coordinate, +a*indicates the red and -a*  indicates the green 
b* - Yellow/blue coordinate, +b* indicates yellow and -b* indicates blue
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CIELAB SPACE 
C O O R D IN A T E  SYSTE M
Figure 2.4 2 The CIELAB space -  The coordinate system
2.2.11 CIELAB- COLOUR SYSTEM
The CIE colour space can be visualized as a three dimensional space, where every colour 
can be uniquely located and its location in the colour space is determined by the colour 
coordinates either in terms of rectangular or cylindrical coordinates.
Rectangular coordinates
In rectangular coordinates the location of any colour in the uniform colour space can be 
determined by three coordinates, L*a*b* and these colour coordinates of an object are 
calculated as follows:
(1) Object is measured by a spectrophotometer.
(2) Light source (illuminant) is selected.
(3) Observer (2 or 10°) is selected.
(4) Tristimulus values are computed from the light-object-observer data.
(5) L*, a* and b* are transformed from the X, Y, Z data using CIE 1976 equations.
2 0
Cylindrical coordinates
Colours can also be described and located in CIELAB colour space specifying their L*, C* 
and h coordinates, which are known as cylindrical coordinates. The L*C*h colour space is 
also three-dimensional and the coordinates are as follows.
L*- Lightness co-ordinate same as in L*a*b*
C*- Chroma co-ordinate, the perpendicular distance from the lightness axis (which means 
as the distance increases chroma increases)
h- Hue angle expressed in degrees. (0° being a location on the +a* axis, then continuing to 
90° for the +b* axis, 180° for -a* axis, 270° -b* axis, and back to 360°.
Here L* coordinates are the same as L*a*b*, while C* and h coordinates are computed 
from a* and b* coordinates.
2.2.12 CIE a*, b* CHROMATICITY DIAGRAM
The location of the colours in the colour space can be represented by an a*, b* 
chromaticity diagram where the colours can be located using either a* and b* coordinate or 
C* and h coordinates. In both the cases the L* coordinate is usually displayed separately, 
as a number.
Figure 2.5 2 The CIELAB space -  The chromaticity scheme
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2.2.13 COLOUR DIFFERENCE IN CIELAB SYSTEM
In CIE space, the CIELAB colour difference between any two colours is the distance 
between the colour locations. The distance can be expressed as AE.
Rectangular coordinates (CIE L*a*b*)
AE* = [(AL*2+Aa*2+Ab*2) ] 1/4 where 
AE* - total colour difference
AL* - lightness difference, the sign of the difference indicates the direction of the variation 
in relation to psychosensorial perception which means a negative value means a shift to 
darker (black) whereas a positive value means a shift to lighter (white).
Aa* - red/green difference (Aa* positive means more red and negative means more green) 
Ab* - yellow/blue difference (Ab* positive means more yellow and negative means more 
blue)
Cylindrical coordinates
AE* = [(AL*2+AC*2+AH2) ] 14 where 
AE* - total colour difference
AL* - lightness difference whose value and interpretation is same as in the L*a*b* system 
AC* - chroma difference, which represents the difference of the distances between each 
colour point and the lightness axis 
Ah -  hue angle difference 
AH* - metric hue difference
2.2.14 COLOUR TOLERANCES/ACCEPTABILITY IN CIELAB SYSTEM
Many industries that use colour processes must provide products of uniform colour, with 
quality and appearance, which satisfy the requirements and expectations of their 
customers. In all these cases, the products must be produced with the specified colour or 
within the limits of acceptable variations of this colour.
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The CIELAB system is often used to facilitate the quality control of coloured products. In 
these cases, the colour of the production sample is located in CIELAB space, and 
compared to the colour standard for production. Colour differences between the production 
sample and standard are computed and compared to the limits (tolerances) of customer 
acceptability for the coloured product. It is always best to determine separate tolerances for 
dE*, dL*, da*, and db* (or dE*, dC* and dh). The separate tolerances allow the CIE 
system to be employed in applications, even if the customer acceptability criteria deviate 
from the uniform perceptibility of CIELAB colour space.
2.2.15 SPECTROPHOTOMETER
The most accurate means of measuring colour requires a device called a spectrophotometer 
8. It is designed specifically for the measurement of coloured materials, and is at the centre 
of any modem colour formulation, colour production, or colour quality control system. 
Although these colour spectrophotometers are designed to measure samples both 
accurately and repeatably, they accomplish these measurements only within a range of 
applicable tolerances. Details of the spectrophotometer are given in the chapter 3.
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2.3 GENERAL BACKGROUND ABOUT PIGMENTS
2.3.1 INTRODUCTION
Production of ceramics is one of the ancient arts. Initially, strong colouring compounds 
such as the natural minerals containing Co, Cr, Fe and Mn were used as the colouring 
agents. However, it was not possible to use these minerals under industrial conditions 
because of instability of their composition in the processes involved.
Subsequently, colouring agents based on synthetic inorganic pigments have been 
developed. Undoubtedly ceramic pigments belong to the synthetic coloured inorganic 
pigment group, which serve an important function in the coloration of not just ceramic 
products but also plastics and organic coatings, where excellent heat stability, chemical 
resistance and outstanding weatherability are required.
A study of the synthesis process of ceramic pigments, the conditions of their formation, 
and their structure, is of practical importance. Most of the mineral based pigments have 
been obtained by empirical choice of the constituent components; it is only during the last 
20 years that systematic studies have being taken up on the synthesis of pigments, taking 
into account the modem concepts of crystal chemistry and structural changes in the crystal 
lattices of pigments.
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2.3.2 CLASSIFICATION OF THE PIGMENTS





























ZnS, S b 2 0 3  
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C a C 0 3  
B a S 0 4  
SILICAS, KAOLIN 
TALC, ETC.
Table 2.29 Classification of Inorganic Pigments
Table 2.2 shows a general structure for the classification of the inorganic pigments. Most 
of the available literature classifies ceramic pigments according to their shade, their 
mechanism of colour formation and / or usage.
The chemical classification of pigments is based on the content of the main colouring 
elements because the vast majority of pigments contain the oxides of the transition 
elements and their neighbours. Inadequacy of these classifications is evident because in 
the first case, pigments showing differences in properties may fall into one group, and in 
the second case, pigments having different colour characteristics may fall into one group.
Depending upon the nature of the application, ceramic colouring agents are classified as 
over-glaze and the under-glaze. When fired at 720-850°C, the over glaze colouring agents 
assume a beautiful shine and bright tones, but their mechanical and chemical stability is
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inferior to that of the under-glaze colours 10. The under-glaze colours, being covered by a 
glazed layer, are strongly bonded to the surface of the products and are stable. The bright 
glaze surface imparts depth to the colours, and helps in the effective development of the 
colour shades. However, in contrast to the over-glaze colours for faience (firing 
temperature below 1200°C), the under-glaze colours for porcelain (firing temperature 
1300-1450°C) have a limited palette. This is caused by the relatively low heat resistance of 
the conventional colouring oxides that act as chromophores in the majority of ceramic 
pigments.
According to the colour, ceramic pigments are frequently classified as red, blue, green and 
yellow pigments. The red pigments are divided into subgroups: iron based; chromium, 
chromium tin, chromium-alumina, and manganese-alumina based; selenium-cadmium 
based and gold bearing purple and pink pigments. The shades of such coloration depend on 
the heat treatment temperature, the time, and also on the atmosphere.
Tumanov 10 proposed a totally different classification of ceramic pigments. In view of the 
fact that the inorganic pigments are crystalline and the majority of the properties of the 
pigments depend on the specific features of their lattice, this classification is based on the 
crystal structure. In a fundamental review on the subject, Sinha 11 gives a special place to 
the Tumanov classification and considers it as the most practical one.
According to Tumanov, pigments are divided into the following groups: spinels, zircon, 
garnet, corundum, and mullitic pigments. The structure of mullite, which has a 
composition ranging from 3Al203*2Si0 2 to Al203-2Si0 2 , contains ordered oxygen 
vacancies. In contrast to other groups, the crystal structure (lattice) of the latter group of 
pigments has not been studied at all.
The coloration of the natural minerals of the spinel group is highly diverse. It varies from 
black to greenish blue. Transparent spinels, in particular the precious spinel MgAl204  are 
found in nature. In nature they form at a temperature of 1750-1850°C. However using boric 
acid as a mineraliser, the engineers of the Dulevsk colours plant succeeded in synthesising 
them at 1300°C I0. Spinels can form solid solutions having a wide spectrum of colours. In 
view of this, they are used as the traditional materials in the production of ceramic 
pigments. The purity of colours (colour clarity) of certain spinel based pigments (for
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example, the titanium and tin series) permits one to employ them successfully for 
producing artistic colours.
The pigments belonging to the zircon group Zr0 2.Si0 2 , which crystallise in the tetragonal 
system, show a wide palette. Based on these, ceramic colours of light blue, light green, 
yellow and orange tones are obtained. Zircons are of great significance in the production of 
under-glaze ceramic colours.
The minerals crystallising in the cubic systems include garnets having a general formula 
A23+B32+ (S iO ^  where Ca2+ and Al3+ frequently act as the respective bivalent and trivalent 
cations. Substitution of the ions Mg2+, Fe2+, Cr2+ and Mn2 into the lattice is also possible. 
Synthesis of garnets is accomplished by solid phase reactions at 1100-1200°C whereas 
under natural conditions, garnets form at higher temperatures and pressures. The chemical 
stability of these minerals is fairly high.
During the synthesis of garnets by solid phase reactions Soviet scientists obtained 
crystalline bodies which are not only close to the natural ones in colour, but also have 
colours not found under natural conditions 10. This was achieved by partial or even 
complete replacement of CaO with other alkali earth oxides that are not found in natural 
garnets. Synthesis of the garnet type ceramic pigments under the conditions of substituting 
PO43” for S i0 2 (which is present in all natural garnets) is interesting.
In the synthetic corundum (A120 3) based pigments the natural colours of the appropriate 
minerals are reproduced to a lesser extent. It is known that pure (impurity free) corundum 
has no coloration, however chromium impurities impart a red colour to it and the colour 
shades can go even up to violet. The bivalent cations of iron can impart various shades of 
dark and light blue colour. While Ti and Ni do not affect the coloration of corundum, the 
introduction of ions of Mo and certain rare earth elements into their lattice can significantly 
widen the palette of the corundum-based pigments.
Maslennikova 10 synthesised stable pigments having a mullite structure in the A120 3- 
Cr20 3-S i02 system. The pigments having a willemite (2Z n0.S i02) lattice are represented 
only by dark blue cobalt tones. Like the corundums, the willemites have a hexagonal
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lattice, and the blue pigments based on Co and Zn silicates and having a willemite structure 
have been long known in ceramics.
The sphenes (titanates) CaO.TiO2.SiO2 have a complex structure. They crystallise in the 
monoclinic system. With respect to hardness, sphenes are inferior to the garnets. Under 
natural conditions they occur in the form of brown, orange, yellow, light green and at times 
as transparent crystals. Besides these, a pinkish sphene-greenovite is also known to exist.
Pinkish pigments of Ca0-Sn02-Si02 tin sphene have been developed. They contain the Cr 
(III) compounds as the chromophore and tin oxide is gradually replaced by titanium and 
zirconium oxides 10. In the first case, shades ranging from lilac up to crimson are obtained 
and in the second case, the shades range from crimson up to beige through brownish are 
present.
Studies have been conducted to evaluate the properties of the synthesised cobalt bearing 
sphenes and zircon pigments and the possibility of using them for decorating ceramic 
products as over-glaze colours and also for under-glaze. A number of coloured ceramic 
pigments have been developed based on celsian, BaAl2Si2C>8, with the isomorphic 
replacement of the Ba2+, Si4+ and Al3+ ions in celsian; Cr and V act as chromophores and 
SiC>2 can be partially replaced by P2O5 10.
In the synthesis of pigments pyroxenes, in particular artificial diopside Ca0 .Mg0 .2SiC>2 is 
also used. Pigments of varying tonality are obtained as a result of isomorphic substitution 
of the Co2+, Ni2+, Cr3+, V3+, Fe3+ and Ti4+ ions in the diopside 10. These pigments have been 
used for producing over-glaze colouring agents and coloured glazes for facing tiles. 
Attempts have also been made to use anorthite CaO.Al2O3.SiO2 as it has a high degree of 
isomorphism similar to other feldspars 10. Iron-zircon colouring agents 10 have also been 
developed for decorating sanitaryware (firing at 1250-1270°C).
For facing and fagade tiles including the floor mosaics, a totally new series of pigments has 
been created and these pigments exhibit resistance to the action of aggressive media and 
high temperatures. They are produced using compounds with the crystal structure (lattice)
of C010P6O24F2 in which cobalt oxides are gradually replaced in equimolecular quantities
10
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Depending upon the type of coloration, inorganic solid substances are classified as:
(a) the substances formed by the ions having filled shells.
(b) the compounds formed by the ions having unfilled shells.
(c) the compounds containing a metal in two different valence states.
(d) the substances whose coloration is determined by the presence of colour-centres. 
Coloration of the synthetic ceramic pigments results mainly due to the introduction of the 
transition elements into their lattice. A variety of pigments can be obtained by creating 
isomorphic mixtures and by introducing small amounts of modifying agents (oxides of 
alkali and alkaline earth metals) into the lattice.
Introduction of the modifying agents to the lattice of the pigments leads to the deformation 
of electron shells and to a consequent change in coloration. Ceramic pigments can also be 
obtained by calcining the salts of hydroxides of the appropriate metals at different 
temperatures, simultaneous fusion of salts in crystalline form with subsequent calcination 
of the mixture and combined calcination of the oxides with the addition of the different 
mineralizers 10.
The vast majority of the inorganic substances have their absorption spectra in the form of 
one or two wide bands in the visible range except the spectra of rare earth elements (REE) 
and their compounds, which consists of a number of thin narrow bands. The use of a REE 
as a chromophore had its beginning in the second half of the 20th century. At the present 
time, the range of application of the rare earths elements and their compounds has 
considerably increased, with rare earth elements becoming popular in the glass industry. 
The rare earth oxides can impart beautiful colours to glasses.
The use of rare earth elements in ceramics has been studied to a lesser extent. Tumanov 
underlined the fact that 10 the application of the rare earth elements and the modifiers 
makes it possible to widen the colour range of ceramics significantly.
2.3.3 PIGMENT CLASSIFICATION ON THE BASIS OF THE DRY COLOUR 
MANUFACTURER’S ASSOCIATION (DCMA SYSTEM)
W.D.J Evans of Johnson Matthey and Co. Ltd 12 offered a schematic classification of 
ceramic pigments based on crystal structure. The largest single group within his
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classification is that of the oxide pigments, which he divides basically into compounds and 
solid solutions. Colour develops as a result of the incorporation of the transition metal ions 
or rare earth metal ions into the crystal lattice and is due to the interaction of the d orbitals, 
in the case of a transition metal ion, and f orbitals, in the case of a rare earth ion, of the 
chromophores with their environment within the host lattice.
The Dry Colour Manufacturers Association’s identification of the mixed metal oxide also 
utilizes a structural approach but emphasises the chemical and structural identity of the 
colour imparting substance rather than its mechanism of formation and field of usage. 
Single metal oxides such as those of iron and chromium are automatically excluded and so 
are all the nonmetal oxide compounds represented by the cadmium pigment line together 
with high volume inorganic pigments such as chrome yellows, chrome orange and iron 
blues.
The Mixed Metal Oxides of the DCMA System consist of a mixture of different chemical 
phases where each phase is a distinct chemical substance characterized by a particular 
crystallographic structure. The structures vary significantly in the range of concentration of 
constituent oxides allowed. Each phase may encompass a range in concentration of its 
constituent oxides, that is, some variability in stoichiometry and presence of minor or 
dopant elements may be accommodated by the host crystal lattice constituting that phase.
In addition each host crystal lattice can incorporate certain modifiers which may alter the 
properties of the phase without the changing the crystal structure 13, 14, 15. It was also 
decided that the name of the pigment should be as close as possible to that in use, in order 
to be easily recognizable and in addition, the name should indicate the colour and structure 
of its bearer.
All the pigments in the DCMA system are grouped into 14 main classes each of which 
represents substances of the same crystal structure identified by their most common 
mineral names (Table 2.3). Under these 14 classes are 51 categories of pigments listed by 
their name, colour and by their chemical formulation. A DCMA pigment number is also 
assigned to each pigment for easy identification.
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Crystal class, name B asic chem ical formula DC M A  number
Baddeleyite
Zirconium vanadium yellow  baddeleyite (Zr, V ) 0 2 1-01-4
Borate
Cobalt m agnesium  red-blue borate (C o, M g)2B 20 5 2-02-1
Corundum-hematite
Chrome alumina pink corundum (A l, Cr)20 3 3-03-5
M anganese alumina pink corundum (A l, M n) 2 0 3 3-04-5
Chromium green-black hematite Cr20 3 3-05-3
Iron brown hematite Fe20 3 3-06-7
Garnet
Victoria green garnet 3CaO. Cr20 3.3 S i0 2 4-07-3
O livine
Cobalt silicate blue olivine C o2S i0 4 5-08-2
N ickel silicate green olivine N i2S i0 4 5-45-3
Periclase
Cobalt nickel grey periclase (Co, N i) 0 6-09-8
Phenacite
Cobalt zinc silicate blue phenacite (Co, Zn)2S i0 4 7-10-2
Phosphate
C obalt violet phosphate Co3(P 0 4 )2 8-11-1
Cobalt lithium violet phosphate C o L iP 0 4 8-12-1
Priderite
N ickel barium titanium primrose priderite 2N iO ,3BaO . 17 T i0 2 9-13-4
Pyrochlore
Lead antimonate yellow  pyrochlore Pb2 Sb207 10-14-4
Rutile-cassiterite
N ickel antimony titanium yellow  rutile (Ti, N i, S b )0 2 11-15-4
N ickel niobium  titanium yellow  rutile (Ti, N i, N b )0 2 11-16-4
Chrome antimony titanium bu ff rutile (Ti, Cr, S b )0 2 11-17-6
Chrome niobium  titanium buff rutile (Ti, Cr, N b )0 2 11-18-6
Chrome tungsten titanium bu ff rutile (Ti, Cr, W )0 2 11-19-6
M anganese antimony titanium bu ff rutile (Ti, M n S b )0 2 11-20-6
Titanium vanadium antimony grey rutile (Ti, V , S b )0 2 11-21-8
Tin vanadium yellow  cassiterite (Sn, V ) 0 2 11-22-4
Chrome tin orchid cassiterite (Sn, C r )0 2 11-23-5
Tin antimony gray cassiterite (Sn, S b )0 2 11-24-8
M anganese chrome antimony titanium brown (Ti, M n, Cr, S b )0 2 11-25-7
M anganese niobium  titanium brown rutile (Ti, N i, N b )0 2 11-26-7
Sphene
Chrome tin pink sphene C a 0 .S n 0 2.S i0 2.Cr20 3 12-25-5
Spinel
Cobalt aluminate blue spinel CoA120 4 13-26-2
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Cobalt tin blue-grey spinel Co2Sn02 13-27-2
Cobalt zinc aluminate blue spinel (Co, Zn)Al2 C>4 13-28-2
Cobalt chromite blue-green spinel C o(A l, C r )0 4 13-29-2
Cobalt chromite green spinel CoCr204 13-30-3
Cobalt titanate green spinel C o2T i04 13-31-3
Chrome alumina pink spinel Zn(Al, Cr)20 4 13-32-5
Iron chromite brown spinel Fe(Fe, Cr)20 4 13-33-7
Iron titanium brown spinel Fe2T i04 13-34-7
N ickel ferrite brown spinel N iF e204 13-35-7
Zinc ferrite brown spinel (Zn, F e)F e204 13-36-7
Zinc iron chromite brown spinel (Zn, Fe)(Fe,Cr)20 4 13-37-7
Copper chromite black spinel CuCr20 4 13-38-9
Iron cobalt black spinel (Fe, C o)F e204 13-39-9
Iron cobalt chromite black spinel (C o, Fe)(Fe, Cr)20 4 13-40-9
M anganese ferrite black spinel (Fe, M n)(Fe, M n)204 13-41-9
Chrome iron manganese brown spinel (Fe, M n)(Fe, Cr, M n)20 4 13-48-7
Cobalt tin alumina blue spinel C oA l20 4/C o2S n 0 4 13-49-2
Chromium iron nickel black spinel (N i, Fe)(Cr, F e)204 13-50-7
Chromium m anganese zinc brown spinel (Zn, M n)Cr204 13-51-7
Zircon
Zirconium  vanadium blue zircon (Zr, V )S i0 4 14-42-2
Zirconium praseodymium yellow  zircon (Zr, P r )S i0 4 14-43-4
Zirconium iron pink zircon (Zr, F e )S i0 4 14-44-5
Table 2.3 53 Classification of mixed metal oxide inorganic pigments
Colour variations within a given structural class are of practical importance. Normally, 
pigments within a given class have excellent chemical and physical compatibility. Thus, it 
is possible to mix them to obtain different phases.
2.3.4 SPECIFIC APPLICATION OF THE PIGMENTS FOR COLOURING 
CERAMICS
Black pigments
Table 2.3 lists five different black spinel pigments. Black pigments are generally formed
1 f \ 17by the calcinations of several oxides to develop the spinel structure ’ .
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Selection of a particular black pigment depends on the specific material with which the 
pigment is to be used. Sometimes pigment may show a green, blue, or brown tint after 
firing. This is due to the tendency of some ceramics to attack the pigment and release any 
cobalt that may be present. So in some cases cobalt free pigment is desirable. The least 
expensive black pigment, which is available on the market, is chromium black hematite, 
which can be used in zinc free systems above 1000°C. This is the only black pigment that 
is not spinel and reacts with zinc oxide to yield a brown spinel in zinc containing systems. 
Chrome iron nickel black pigment can be used above 1000°C in systems containing zinc.
The basic black pigment is iron cobalt chromite black spinel but in some cases it has a 
slightly greenish tint. In zinc containing bases, iron cobalt black spinel is preferred. Iron 
cobalt chromite black spinel with some manganese and a higher concentration of cobalt is 
used to achieve a black with slightly bluish tint. For a black with a brownish tint 
manganese ferrite black pigment is used.
Grey pigments
Grey pigment is usually obtained by diluting the black pigment with a white opacifier but 
care must be taken during dilution to provide an even colour without specking. More 
uniform results are obtained when a calcined pigment, such as cobalt nickel grey periclase, 
is used.
In under-glaze decorations, a beautiful deep grey can be prepared by using tin antimony 
grey cassiterite. The limitation on the use of this material is the high cost of the tin oxide 
base material. The important point to note with grey is that many subtle shade variations 
are possible with appropriate blending of three or four carefully chosen pigments.
Blue pigments
The traditional way to obtain blue in a ceramic material is by use of cobalt. Cobalt is 
reacted with alumina to produce the spinel C0AI2O4, or with silica to produce the olivine 
Co2SiC>4. Cobalt silicate involves the use of a higher percentage of cobalt oxide than does 
aluminate spinel, however the colour is only modestly intense. In the spinel system the 
shade can be adjusted towards turquoise or green by additions of chromium oxide 
replacing alumina and zinc oxide replacing cobalt.
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For low temperature applications such as glass colour and porcelain enamels, pigments 
based on cobalt can be used, because of stability and high tinting strength. But at higher 
temperature difficulties arise from the partial dissolution of the pigment. The cobalt oxide 
diffuses into the glaze, generating a defect known as cobalt bleeding 18,19, 20, 21.
Thus in glazes, cobalt pigments have been largely replaced by pigments based on
0 0  0 0  OA 0 ^ 0 (\  — ~vanadium doped zircon ’ ’ ’ ’ . These pigments are less intense than the cobalt
pigments and tend towards turquoise. Consequently they are not suitable in all cases. 
However, when they can be used, they give vastly improved stability.
Green pigments
Historically the basis of most green pigmentation was the chromium ion. The use of 
chromium oxide as green pigments has a number of limitations.
Firstly, pure chromium oxide has a tendency to fume or volatilise during firing of ceramic 
coating, which leads to absorption into the refractory of the furnace used.
Secondly, if tin containing pastel colours or white pigments are present in the furnace, 
Cr2C>3 will react with tin to form a pink coloration. Finally, the ceramic material into which 
the chromium oxide is placed should not contain zinc otherwise it will react to produce a 
dirty brown colour.
Better results can be obtained if chromium oxide is used as a constituent in a calcined 
ceramic pigment. An example of this system is cobalt chromite blue-green spinel. In these 
spinels, varying amounts of cobalt and zinc appear in tetrahedral sites and varying amounts 
of alumina and chromium oxide appear in octahedral sites. Greener pigments are obtained 
by using a higher concentration of chromium oxide and a lower concentration of cobalt 
oxide.
The final type of chromium oxide containing green is Victoria green garnet. This pigment 
gives a beautiful bright green colour but is transparent. When the colour is applied thinly, it 
has a tendency to blacken. This pigment can be used in zinc free coatings with high 
calcium content but cannot be used for opaque glazes or pastel shades because the tone 
always has a grey cast and lacks brilliance.
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Because of all these difficulties in the use of chromium containing pigments, and also
because there is a definite limitation of the brilliance of green pigments made with
00chromium, most ceramic glazes use pigments in the zircon system . The cleanest, 
brightest, most stable greens are obtained currently by the use of blends of a zircon- 
vanadium blue and zircon-praseodymium yellow. The bright green shades are obtained 
from a mixture of calcinations, two parts of the yellow pigment to each part of the blue 
pigment.
Pigments based on copper compounds are basically used for low temperature applications 
21, 28 j j ie use COpper based pigments has limited interest to industrial manufactures but 
has great interest to art potters because many subtle shades can be obtained, due to the 
different pH of the glazes. For example if the glaze is alkaline, a turquoise blue colour 
results, if the glaze is acidic, a beautiful green colour develops. Copper oxide dissolves in 
the glaze composition, and is therefore a transparent colour. Because copper oxide 
volatilises quite readily, it should not be used above 1000°C.
Yellow pigments
Although a number of systems exist for preparing yellow ceramic colours, there are 
technical and economic reasons for the use of a particular yellow pigment.
Zirconia-vanadium yellows are prepared by calcining zirconium oxide with small amounts 
of ammonium metavandate 24, 29, 30, 31. Titanium or iron oxide may be used to alter the 
shade. In the absence of these materials, lemon yellow is obtained and in their presence, 
orange yellow colour is obtained. In ceramic coatings zirconia-vanadium yellows are 
usually weaker than tin-vanadium yellows and muddier than praseodymium-zircon 
yellows. However they are economical stains for use in zinc containing or zinc free 
coatings but do give a strong colour in low-lead low-boron glazes.
Tin- vanadium yellows are prepared by introducing small amounts of vanadium oxide into 
the cassiterite structure of tin oxide 32,33,34,35. The shade may be varied by the addition of 
titanium oxide or iron oxide. Tin- vanadium yellow pigments develop a yellow colour in 
all ceramic materials, although the shades can be influenced by the nature of the substrate 
material. These are opaque pigments and sensitive to reducing conditions. Since tin oxide
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combines with chromium oxide to form a compound with a colour similar to chrome-tin 
pink which shows up in the ceramic material as a brown discoloration, so blending with 
any chrome bearing pigments should be avoided.
The primary deterrent to the use of tin-vanadium yellows however is not any technical 
deficiency but the high cost of the tin oxide, which is a major component. The result of the 
high cost, together with, the quality of the praseodymium-zircon pigments, has resulted in 
a decline in the use of tin-vanadium yellows.
Praseodymium-zircon pigments are formed by calcination of 5% praseodymium oxide with 
a stoichiometric mixture of zirconium oxide and silica in the presence of mineralisers to 
produce a bright yellow pigment 17, 32, 36, 37, 38. These pigments have excellent tinting 
strength in high temperature coatings and can be used in almost all ceramic coatings 
preferably with a zircon opacifier. These pigments are being increasingly used for all 
applications in which the firing temperature exceeds 1000°C.
For low temperature applications lead antimonate pigments (traditionally called Naples 
yellow) are used because they are exceptionally clean and bright and have good covering 
power, requiring little or no opacifier. The primary limitation is their instability in ceramic 
coatings above 1000°C, which leads to the volatilisation of antimony oxide. Substitutions 
of cerium oxide, alumina or tin oxide are sometimes made for a portion of antimony oxide 
to improve its stability. These pigments have limited use in ceramic glazes, but they are 
widely used in porcelain enamels.
For the brightest, low temperature applications, cadmium sulfoselenide yellow can be
39considered . The pure cadmium sulfoselenide colours are produced in the range of 
primrose yellow through yellow to orange and red. Precipitating small amounts of zinc 
sulfide along with the cadmium sulfide makes the primrose yellow and light yellow shades.
Another orange yellow pigment can be formed when chromium oxide is added with 
antimony oxide to titanium oxide, which is called doped rutile 40. This pigment is useful 
for lower ceramic coatings and begins to decompose at calcination temperatures above
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1000°C like the lead antimonite yellows. It is one of the largest volume pigments used in 
porcelain enamel but has limited use in high firing ceramics.
Brown pigments
The most important brown pigment in ceramics is zinc iron chromite brown spinel 41. 
Within the spinel structure, the zinc oxide is found on the tetrahedral sites and the 
chromium oxide on the octahedral sites. The iron oxide is distributed in a way to fulfil the 
requirements of the structure. A substantial increase in chrome and decrease in zinc results 
in greener shades in zinc free coatings and yellow to grey in zinc containing coatings. 
Addition of manganese to this system results in yellowish and greyish shades, whereas 
minor amounts of nickel oxide gives a darker brown colour.
However, two systems closely related to the zinc iron chromite brown spinel have been 
developed to improve the stability and firing range of the brown pigments.
The first of these is the addition of alumina to zinc iron chromite brown spinel, which 
creates a pigment that is hybrid of the zinc iron chromite brown spinel and the chrome 
alumina pink spinel and produces orange-brown shades with improved firing stability.
This pigment is used in coatings that are high in zinc and alumina and low in calcium 
oxide. The alumina to zinc ratio is kept as high as possible to improve the brightness and 
cleanness of the pigment.
Another pigment is a tin containing iron chromite brown spinel. This pigment is a mixture 
of tin oxide, chromium oxide and iron oxide. This pigment is always used in zinc 
containing coatings to give optimum brown shades because it reacts with zinc from the 
coating to produce zinc iron chromite brown spinel pigment but this pigment also produces 
shades of grey to dark mahogany in zinc free coatings.
The final type of brown pigment is chrome iron manganese brown spinel manganese which 
with iron oxide is responsible for the deep brown glazes associated with electrical 
porcelain insulators and art ware. This pigment is basically used where a deep brown shade 
is needed. In producing medium to light shades of brown, the presence of manganese 
sometimes causes a poor surface and unstable colour with a tendency to volatilisation.
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Pink and purple pigments
Chrome alumina pinks are combinations of aluminium oxide, zinc oxide and chromium 
oxide and depending on the concentration of zinc, the crystal structure may be either spinel 
(zinc-aluminate-chromite) or corundum (solid solutions of chromium in aluminium oxide).
In ceramic coating chrome alumina pink is usually used with low concentrations of lead 
oxide and boric oxide and with a surplus of zinc oxide and alumina. The ceramic glaze 
should also be free of calcium oxide. Using an improper glaze results in a brown pigment 
in place of the desired pink.
Another pink pigment is manganese alumina pink corundum, which is prepared by the 
addition of manganese oxide and phospate to aluminium oxide, but the manufacture of 
these pigments involves serious pollution problems. As a result several companies have 
stopped manufacturing it. This pigment used is basically as a zinc free system with a high 
concentration of alumina.
The most stable pink is the iron -zircon system 22, 42, 43. It is made by calcining a mixture 
of zirconium oxide, silica, and iron oxide in the appropriate proportions. This pigment is 
very sensitive to minor variations in the production process, therefore one manufacture’s 
pigment may not duplicate another’s 44 and it give shades from coral to pink and is stable 
in all ceramic coatings but gives a bluer shade in the glaze without zinc oxide present.
The only pigment which produces purple and maroon shades in addition to pink is chrome 
-tin  pink and this is formed by calcining mixtures of small amount of chromium oxide 
with substantial amounts of tin oxide 45, 46. In addition, most such materials have large 
quantities of silica and calcium oxide in the formulation. Mixing tin oxide with small 
amount of chromium oxide and either calcium oxide or cerium oxide, together with boric 
oxide as a mineralizer gives chrome tin orchid cassiterite.
This material is considered to be a solid solution of chromium oxide in tin oxide. The 
colour of this pigment depends to a great extent on the ratio of the concentration of 
chromium oxide to that of tin oxide. When the ratio is 1:5, the resulting colour is green; 
1:15 is purple; 1: 17-20, red or maroon; and 1:25 is pink. These pigments are calcined at
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1260-1320°C and can be used in coating materials that are low in zinc and high in calcium 
oxide.
Gold purple is an old pigment consisting of tin oxide gel coloured by finely divided 
(nanosized) gold. It can be used in low temperature materials such as porcelain enamels. 
This is an expensive pigment, due to the high price of the gold, as well as to the difficult 
methods of preparing the pigment.
Red pigments
There are no oxide systems, which can be used to produce a true red pigment in ceramic 
systems. Consequently orange, red and. dark red pigments are obtained by the use of 
cadmium sulfoselenide pigments 39’ 47. These pigments are generally prepared by wet 
precipitation of suitable raw materials, followed by calcination at 500-600°C under an inert 
atmosphere The actual shade of the pigment depends on the ratio of the concentration of 
cadmium sulfide to that of cadmium selenide. For example an orange pigment is obtained 
at a ratio of 4:1, a red pigment at 7:1 and deeper red at 3:1. These pigments can be used in 
glass colours, in porcelain enamels and in low temperature glazes fired up to 1000°C. They 
also can be used in specific glazes such as the low- alkaline borosilicate types, which 
contain small amounts of lead oxide, because high lead flux materials react with selenium 
to form lead selenide, which is black. This glaze is also free from vigorous oxidising 
agents, which can oxidise the pigment, completely destroying the colour.
22In order to extend the range of colours, an inclusion pigment system has been developed
AO
where cadmium sulfoselenide is incorporated into the zircon lattice during manufacture 
and the superior stability of zircon is imparted to the pigment. The colour palette extends 
from yellow through orange to red, but dark reds are not yet available.
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2.3.5 INDUSTRIAL PRODUCTION OF CERAMIC PIGMENTS
Ceramic pigments are generally prepared by solid-state reactions of pre-dry mixed 
precursors. In this case, the solid-state reaction due to the conventional heating generally 
requires the presence of different kinds and amounts of mineralizers to increase the rate of 
the reaction and to make the mixture more homogeneous.
For zircon pigments, alkali or alkaline earth halides are used as mineraliser whereas boric 
acid is sometimes used as mineraliser for spinel pigments 49. Other methods, such as 
precipitation, hydrolysis of solutions, combustion synthesis, and microwave treating, 
although more expensive are also used for the manufacture of certain pigments because 
high-quality pigments can be obtained in this way, with controlled particle size and shape.
After careful mixing, the pigments are calcined in either batch kilns or continuous 
calciners. The advantages of batch calcinations lie in greater production flexibility and the 
ability to prepare smaller quantities when required. The continuous tunnel kiln provides 
greater product quality and greater consistency in calcining conditions. For calcinations 
generally, air is the atmosphere of choice because the pigments must ultimately be stable in 
a molten oxide coating, so materials sensitive to oxygen have limited use.
After calcination hard clumps of calcined or sintered products are broken in roll crushers 
and then ground to the necessary fineness in the mills. Either wet or dry milling may be 
used depending on the particular pigment and the particle size required. Sometimes some 
pigments must be washed in order to remove the soluble constituents; otherwise difficulties 
for final application would be created. The ground-up, suspended particles are then washed 
in filter presses. The water is removed mechanically and the remaining pigment slip is 
dried.
The final production step involves careful control of colour tone by adjustment with toners. 
Toners are formulations at various extremes of the colour spectrum covered by a given 
pigment family and are used to adjust the colour of products to specifications.
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2.3.6 IMPORTANT FACTORS IN SELECTING CERAMIC PIGMENT FOR 
APPLICATION
There are several factors, which must be considered in selecting a pigment or pigments for 
a specific ceramic application and these factors are explained below.
Stability in processing
Major limitations on the selection of a ceramic pigment are the processing conditions it 
must undergo during application and subsequent processing of the ware. There are five 
methods in the processing of the glazed ceramic ware, where pigments can be added: as a 
body stain, as an engobe, as an underglaze colour, as coloured glaze, or as an over glaze or 
glass colour 50,51,52. Engobes are generally clay slips applied to soft or leather hard pottery 
to mask the colour of the clay body from which the pottery is made. Although engobes are 
applied in the manner of glazes they are more properly classified as clays and, in fact, a 
glaze has to be applied subsequently to seal the engobe.
Body stain refers to adding a pigment to the body formulation itself. The technique of 
applying engobes may be described as being that of applying a ceramic pigment with a 
flux to the surface of an unfired body. Under-glaze decorating is the application of colour 
to a bisque body (firing the body of the ceramic). In coloured glazes, the pigment is 
dispersed in the glaze itself. Over-glazes or glass colours are applied to the already formed 
and fired glaze.
If an engobe or body stain is used, it must be stable to the bisque fire, which is usually 
between 1225°C and 1300°C. The engobe must also be stable to the corrosive nature of the 
flux used to adhere it to the body. Subsequently, it must be stable to the glost fire (firing 
the glaze of the ceramic) while in contact with the molten glaze.
An under-glaze colour or a coloured glaze must be stable to the glost fire, which is usually 
between 1000°C and 1200°C. The pigments therein must be stable to corrosion by the 
molten glaze.
An over-glaze or glass colour need only be stable to the decorating fire in which it is 
applied, which is usually between 625°C and 775°C. Under these conditions, the most
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severe requirement on the pigments is stability relative to the molten flux used in their 
application. Corrosive high PbO fluxes are very common in over-glaze decorating. Thus, 
processing conditions can and do affect the range and purity of colours obtainable.
Particle size
The selection of an optimum particle size distribution is a compromise between several 
considerations. It is simply not true that the finest pigment is the best pigment.
In the first place, the tendency for the pigment to dissolve in a molten glaze during 
manufacture is a function of the pigment surface area per unit volume exposed to the glaze, 
which, in turn, is inversely proportional to the particle size. Hence, the finer the pigment, 
the greater the tendency to dissolve in the glaze.
Agglomeration of the pigment, which prevents dispersion of the pigment in the glaze, is 
also a function of the surface area per unit volume, and hence inversely proportional to the 
particle size. Titania based pigments are particularly susceptible to agglomeration. They 
are usually fluid energy milled before sale, to minimise this problem. On the other hand, 
the size of the largest pigment particles must be limited to prevent the particles causing an 
uneven surface.
Fine particle size in a pigment is normally obtained by milling that pigment after 
preparation. Some pigments lose the intensity of colour as they are milled. This behaviour 
is to be expected for any doped pigment, where milling exposes surfaces, which have not 
reacted to produce the desired colour. Most of the Zirconia and Zircon pigments fall into 
this class.
In a masstone (full strength colour, no opacifier), Figure 2.6, the colour of a glaze is 
relatively insensitive to the pigment particle size. On the other hand, in a letdown (a 
mixture of pigment and opacifier), a finer pigment will usually give a strong colour. This 
results from improved dispersion of the pigment with the opacifier present in a letdown.
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Figure 2.6 36 Effect of milling time on the lightness of a black pigment
In masstone, there is no effect of milling time. In the letdown, the lightness decreases as 
the particle size is reduced by milling. Hence the optimum particle size is the largest size 
that gives adequate dispersion and adequate strength in letdowns.
Uniformity and reproducibility
Most ceramic pigments are prepared by solid-state reactions, which approach equilibrium 
only with difficulty 53. Rapid, uniform and reproducible conversion to the desired pigment 
requires great care in production 54. In most cases, adjustment of each lot to a standard 
colour, using toners is required. Certain pigments are inherently difficult to reproduce from 
batch to batch.
The Victoria green garnet and chrome tin pink sphene are known for their difficulty in 
making reproducible coloured pigments. For the chrome tin pink, this difficulty is related 
to the simultaneous presence of some chrome tin orchid cassiterite '4’ 55. If a small amount 
(<5%) of a strong pigment is used as a component in a blend, it will often be difficult to 
obtain sufficiently uniform mixing to avoid specking 54.
There is a tendency based on economics when making a light pastel colour, to use small 
amounts of strong pigments, since the pigment is usually the most expensive constituent of 
a glaze. This tendency needs to be resisted, particularly in the wall tile and sanitary ware 
industries, where large surfaces must have a uniform colour. Particularly difficult in this 
regard is the magnitude of a grey, by mixing a black pigment with a white opacifier. The 
solution to this problem is to use higher concentrations of a less intense pigment.
4 3
There are also pigments, which are sensitive to details of the glaze application and firing 
procedures. With these pigments it may be difficult to maintain uniformity, even within a 
given batch of material.
The Victoria garnet is very sensitive to firing fluctuations and to the presence of any zinc 
oxide. The copper greens are so sensitive to glaze acidity and to firing conditions that they 
are used by the artists to obtain one of a kind effects 56. The cadmium sulfoselenides are 
sensitive to any conditions which promote oxidation of the pigm ent54.
The glaze must be also free of any strong oxidising and reducing agents. With the 
exception of the zinc iron brown spinel, the chromium containing greens, and the pigments 
based on zirconia or titania, most pigments impart little opacity to a glaze. There are 
applications in artware where low opacity is desired, to yield highlights, when applied over 
uneven surface. For most applications, however, uniformity of colour and variations in the 
surface colour of the ceramic body must be excluded. This requires an opaque glaze, 
achieved by additions of an opacifier, usually zircon.
Compatibility
To be successfully used; a ceramic pigment must function as a component in an integral 
glaze or porcelain enamel system. Hence, it must be compatible with the other 
components: the glaze itself, the opacifier(s) and the other additives.
Pigment-opacifier compatibility consists mainly in matching elemental types in order to 
reduce pigment solubility 54. Zircon opacifier should be used with all zirconia and zircon 
pigments. Titania opacifier should be used with titanium containing pigments. Pigments 
containing tin oxide, such as chrome tin pinks and tin vanadium yellows, should be 
matched with at least some tin oxide opacifier.
There is a large variability in glaze-pigment interaction during firing. Some pigments, such 
as zircon pigments, are relatively inert in conventional glazes. Other pigments are much 
more reactive. Moreover some glaze constituents are more interactive than others.
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Probably the most important consideration is the presence or absence of ZnO in the glaze. 
There are several pigments which are not stable in the presence of ZnO. Calcium oxide 
concentration is also important for a number of pigment systems. CaO should be avoided 
when using chrome alumina pink spinel and zinc ferrite brown spinel. High alumina 
concentrations are required for stability of chrome alumina pink corundum, chrome 
alumina pink spinel, and zinc iron chromite brown. Reactive ingredients such as PbO and 
B2O3 should be limited when using zirconium vanadium yellow baddeleyite, chrome 
alumina pink spinel, and the cadmium sulfoselenide pigments.
Palette
In selecting the palette of colours to be used in an application, there are several 
considerations to be addressed. A major consideration is the purity of colour required. If a 
very pure colour is needed, the choice of pigment to be used is greatly reduced. For 
example, if a moderately strong yellow is needed, zirconia vanadium yellow may be 
satisfactory. However, if a very pure yellow is required, only a praseodymium zircon 
yellow will suffice.
Selection of a pigment or pigments involves a balance between several, often conflicting 
criteria. The further a pigment is from the glaze surface, the more durable it will be in 
service. Conversely, the earlier it is applied in the manufacturing process, the more severe 
are the conditions it must withstand during the production process.
The purity and chroma of the required colours affects the choices of pigment available. 
When very pure colours are required, the number of pigment choices is severely restricted. 
In addition, pigment systems vary in their uniformity and reproducibility. When uniformity 
is important, pigments should be selected that are less sensitive to processing variables.
The overall pigment particle size must be such that coarse particles are not visible in the 
coating and adequate dispersion is obtained in letdowns. However, excessive fineness will 
lead to an increased rate of solution in the glaze and difficulties in dispersion.
Finally, the compatibility of the various glaze components, pigments, opacifier, and glaze 
additives, must be considered. The calcium oxide and zinc oxide contents of the glaze, in 
particular, determine the stability of many pigments in their host environment.
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2.3.7 PIGMENT STRUCTURE
There are several principles, which determine the structure of inorganic solid materials.
1. In the fist place, the principal component of the free energy of an ionic solid material at 
room temperature is its lattice energy, which is determined almost totally by the nearest 
neighbour cation and anion distances 51' 58.
2. Secondly, the coordination polyhedra of the anions about each cation in ionic solid 
phases are determined almost unequivocally by the radius ratio of cations to anions51' 59.
3. The third principle is that the structures, which can be built from any combination of 
cations and anions, are subject to the rules for electrostatic neutrality 60. This means that in 
a stable ionic structure the valence of each anion, with changed sign, is exactly or nearly 
equal to the sum of the strengths of the electrostatic bonds between it and adjacent cations.
4. The fourth principle is that the co-ordination of a cation increases as the charge of the 
anion decreases, and decreases as the field strength increases 57.
The cumulative effect of these four principles is that a particular structure exists at or very 
near a given stoichiometry and for a small range of ionic sizes of the ions it contains, 
which means that for any given stoichiometry and ionic size of the materials to be used, 
only one or two structures exist that will accommodate them.
For example, the spinel class, which contains 19 pigments, is restricted to those materials 
of A2BX4 stoichiometry with:
0.06nm <rA cO.lOOnm and 
0.055nm <re cO.lOOnm
Where rA and rB are the ionic radii of the respective cations and X is oxygen.
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2.4 BASIC IDEAS ABOUT GLAZE AND ITS CLASSIFICATION
2.4.1 DEFINITION OF GLAZE
The term glaze is applied to the prepared mixture of materials, which is either a powder or 
a suspension of it in water, ready for application in ceramic ware by dipping or spraying 61 ’ 
. After suitable heat treatment this powder mixture vitrifies and develops specific 
properties appropriate to the designated use of the glaze on the ceramic body.
Many thousand of glazes, each with different composition are produced annually. The 
composition of the glaze is chosen to ensure certain well-defined properties such as 
adhesion to the substrate, thermal expansion matching, transparency or opacity, surface 
texture and resistance to chemical attack.
2.4.2 CLASSIFICATION OF THE GLAZE
Glazes can be defined in several ways depending on the nature of their applications, the 
substrates onto which they are applied and final glazed products. The list below (Table 2.4) 
is taken from Bull and Taylor 61.
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Type of the glaze Refers to
Lead or leadless Chemical composition of the glaze
Raw or fritted Batch composition
Once or twice fired (these terms refer to the 
number of times the substrate is fired, not the 
glaze)
Processing methods employed in the 
manufacture of the glazed ceramic ware
Tile, tableware or sanitaryware Use to which the final product will be put
Hollow ware or flatware Indication of the shape of the ware to which the 
glaze is applied
Earthenware, hard porcelain, bone china or 
vitreous china
Chemical and physical characteristics of the 
fired substrate
Dipping or spraying Processing methods employed in the 
manufacture of the glazed ceramic ware
Fast fire or conventional fire Firing conditions
High or low temperature Processing methods employed in the 
manufacture of the glazed ceramic ware
High or low expansion Specific properties designated for the fired 
glaze composition
Oxidising, neutral or reducing firing conditions Processing methods employed in the 
manufacture of the glazed ceramic ware
Coloured or colourless Appearance of the fired glaze
Transparent or opaque Appearance of the fired glaze
Glossy, matt, textured, etc Appearance of the fired glaze
Electrically conducting, scratch- resistant, etc Specific properties designated for the fired 
glaze composition
Table 2.4 61 Classification of the glaze 
A detailed discussion of this classification is also given by Bull and Taylor 61.
2.4.3 CERAMIC GLAZE
The ceramic pigment and the application method must be compatible with the ceramic 
glaze that is to be used. Ceramic glazes are usually required to fulfil any combination of 
the conditions outlined below.
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1- Provide an impermeable surface to what may be otherwise an open porous product. This 
surface is then hygienic and easily cleaned.
2- Provide resistance to scratching and mechanical damage.
3- Should have very low solubility in water and normal acids and alkalis.
4- Improve the appearance of the product by giving it a smooth glossy surface.
5- Increase the strength of the ware.
6 - Provide an ideal surface for carrying decoration applied on the glazed surface (on-glaze) 
or provide protection to decoration applied under the glazed surface (under-glaze).
Glazes need to be fusible within the required temperature range appropriate to the 
underlying body. Compatibility with regard to thermal expansion is also very important in 
order to minimise faults such as crazing, and peeling.
Glazes used in tableware and cooking ware are also required to have the following 
properties in order to satisfy the customer use:-
1- Low heavy metal release characteristics so as to comply with legislative measures 
introduced by many countries.
2- Resistance to leaching components from the glaze and/or body by food stuffs, which 
otherwise will affect the taste of the food or drink.
3- Resistance to metal marking, scratching, tea and coffee staining, during normal use.
4- Resistance to alkaline detergents since in catering establishments, these products are 
exposed to repetitive washing actions in the presence of corrosive alkaline detergents at 
high temperatures in dish washing machines.
Each cone number reaches its 90° bending position at a temperature when it is heated in an 
electric kiln at a constant rate for the last hour before that temperature is reached. The 
Table 2.5 gives the temperature for cone numbers heated at several different rates. 
Pyrometric cones have been used by the ceramic industry to measure the performance of 
kilns and furnaces. Each cone has a unique composition that bends after it receives 
sufficient heat, as measured by time and temperature within the furnace. Orton has 
developed ways to quantify the results obtained based on the bending of its cones. A 
calculation program is also available in converting cone bending angles to cone equivalent 
temperatures. Seger cones are normally used in Europe.
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Glazes having a wide range of firing temperatures are available (Table 2.5). Art ware 
potters primarily use low firing glazes, which mature at cone 010  to 0 1 , because the full 
palette of colours can be used in-glaze as well as over-glaze in this temperature range. For 
example, cadmium sulfoselenide red pigments can be used only in this firing range with 
specially designated glaze formulations.
Glazes that fire out at cone 01 to 6 (1137 °C-1222°C for large cones and 1178°C-1225°C 
for small cones) consist of most of the dinnerware, tile glazes and minority of high 
temperature art wares. The range of the colour palette is somewhat reduced in this case. All 
the pigments based on zircon, zirconia, spinel and tin- vanadium yellows, chrome -tin  
pinks are suitable and stable in this firing temperature range, chrome-alumina pigments are 
stable with proper glaze formulations.
All or most of all the pigments/colours used in glazes in cone 01 to 6 are also used up to 
cone 12 (1326°C for large cones and 1335°C for small cones) with the exception of 
chrome-tin and chrome-alumina pigments which are only stable if a suitable formulation is 
used. Although zircon yellow pigments are stable up to cone 12, zircon-praseodymium 
yellow pigment begins to lose their intensity at higher temperatures. Pigments containing 
chromium oxide are stable up-to cone 12 in a zinc free glaze. Chrome-iron-zinc browns 
give satisfactory results when applied in a ceramic glaze.
50
(150°C and 300°C represent the temperature rise per hour)
C one number Orton standard, pyrometric cones in °C 
Large cones, 150°C Sm all cones, 300°C
Seger cones in °C 
(U sed in Europe)
010 894 919 900
09 923 955 920
08 955 983 940
07 984 1008 960
06 999 1023 980
05 1046 1062 1000
04 1060 1098 1020
03 1101 1131 1040
02 1120 1148 1060
01 1137 1178 1080
1 1154 1179 1100
2 1162 1179 1120
3 1168 1196 1140
4 1186 1209 1160
5 1196 1221 1180
6 1222 1255 1200
7 1240 1264 1230
8 1263 1300 1250
9 1280 1317 1280
10 1305 1330 1300
11 1315 1336 1320
12 1326 1335 1350
Table 2.5 53 Cone temperature equivalents
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2.5 OPACIFIERS
2.5.1 WHAT IS AN OPACIFIER?
Transparent glazes are those glazes which become completely molten when fired to their
maturing temperature to form a smooth bubble free surface and do not crystallize out
(\\ (\*\during cooling ’ . This can be considered as the normal state of the glazes. However, if 
the glaze contains suspended particles of a material which has a different refractive index 
from the glassy matrix, then the light rays will be diffused and the glaze will appear 
opaque. Hence whiteness or opacity is introduced into the transparent ceramic materials by 
the addition of substances that will disperse in the glaze as discrete particles. Such 
substances are called opacifiers. Opacifiers have a different refractive index (Table 2.6) 
and in practice have a higher refractive index compared to the glaze. Opacifiers can be 
inert i.e., they remain as solid particles during the complete firing process of the glaze on 
to the body or they can be of the recrystallized type, in which the opacifier is dissolved by 
the glaze during the firing process and then thrown out of the solution as the glaze cools.
2.5.2 DIFFERENT TYPES OF OPACIFIER 
Zircon
Generally zircon is used as an opacifier in glazes and other ceramic coatings fired at 
temperatures above 1000°C 64. Its solubility in many ceramic glazes is -5%  at high 
temperature and 2-3% at room temperature. It is usual to add about 8-10% of zircon to a 
transparent glaze to obtain full opacity. The effectiveness of a zircon opacifier is a function 
of particle size. The finer the particle size, the greater is the opacity. Since increased 
fineness is achieved by milling, the finer zircons are expensive. Various grades of zircon 
opacifier available on the market are, Cookson Zircosil 15, Zircosil 5, Zircosil 1 and are 
listed here in decreasing order of their particle size.
Zirconia
Zirconia has a slightly higher refractive index compared to zircon and for this reason might 
well be regarded as a more efficient opacifier. It is rarely used because in the vast majority
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of ceramic glazes it reacts with excess silica in the glaze to produce zircon 65. Since zircon 
is less expensive than zirconia, zircon is always preferred as opacifier.
Tin oxide
The solubility of tin oxide is very low and it is considered as one of the best opacifiers 
available for ceramic glazes. However, because of its cost, its use is restricted to those 
special cases, such as chrome-tin pinks, where it enhances the effectiveness of the 
colouring pigment.
Titanium oxide
It is the most effective opacifying agent for porcelain enamels and glazes where the firing 
temperature is less than 1000°C, because it has the highest refractive index. The anatase 
crystal phase of titanium oxide is usually employed as an opacifying agent. It converts to 
rutile at 850°C in the ceramic system and once converted, the titania crystals are able to 
grow rapidly to sizes that are no longer effective for opacification. Hence its use is always 
preferred at lower temperature especially below 1000°C. The solubility of titania in molten 
silicates is 8-10% and at room temperature is 5%. Titanium oxide is customarily used at 
concentrations of 15%.
For pastel colour an opacifier together with a pigment is added to ceramic glaze or coating. 
It is important to note that the opacifier and the pigment must be compatible. For example 
zircon opacifiers are generally used for zircon or zirconia based pigments whereas tin 
oxide is used for chrome-tin pinks and titanium-based pigments.







Table 2.6 62 Refractive indices of some common opacifiers
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2.6 RARE EARTH ELEMENTS
2.6.1 INTRODUCTION
The rare earth elements are the largest group in the periodic table. Although they are not at 
all rare, the close similarity of their chemical and physical properties make their occurrence 
together in individual minerals almost inevitable, and also accounts for the considerable 
difficulties in separating them from one another. In 1913 Moseley showed there were 
fourteen atomic numbers between lanthanum and hafnium, and this set an upper limit to 
the number of undiscovered rare earth elements. Of these, all, were identified and prepared 
to a certain degree of purity by 1907 (except promethium).
2.6.2 ELECTRONIC STRUCTURE AND OXIDATION STATE
The rare earths are defined as a group of 17 elements composed of scandium, yttrium and 
the lanthanides. Chemically, the rare earths are classified as members of the IIIB subgroup 
of the periodic table. Table 2.7 shows the electronic configuration as well as the oxidation 
states of the lanthanide series.





Lanthanum La [Xe] 5d' 6s2 [Xe] 4f° +III
Cerium Ce [Xe] 4f! 5d! 6s2 [Xe] 4f‘ +III +rv
Praseodymium Pr [Xe] 4f3 6s2 [Xe] 4f2 +III +IV
Neodymium Nd [Xe] 4f* 6s2 [Xe] 4f3 +11 +III
Promethium Pm [Xe] 4f5 6s2 [Xe] 4f* +11 +III
Samarium Sm [Xe] 4f* 6s2 [Xe] 4f* +11 +III
Europium Eu [Xe] 4f7 6s2 [Xe] 4f* +11 +III
Gadolinium Gd [Xe] 4f7 5d! 6s2 [Xe] 4f7 +III
Terbium Tb [Xe] Af  6s2 [Xe] 41* +III +IV
Dysprosium Dy [Xe] 4f1() 6s2 [Xe] 4f +III +IV
Holmium Ho [Xe]4fn 6s2 [Xe] 4f10 +III
Erbium Er [Xe] 4f12 6s2 [Xe] 4fn +III
Thulium Tm [Xe] 4f13 6s2 [Xe] 4f12 +11 +III
Ytterbium Yb [Xe] 4f14 6s2 [Xe] 4f13 +11 +III
Lutetium Lu [Xe] 4f14 Sd^s2 [Xe] 4f14 +III
Table 2.7 68 Electronic structure and oxidation states of lanthanide elements
From the Table 2.7 it is clear that Lanthanum has the electronic structure of a Xenon core 
5d*6s2 and the next 14 elements from Cerium to Lutetium would be formed by adding 1, 2, 
3 to 14 electrons into the 4f level.
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However, it is energetically favourable to move the lanthanide single 5d electron into the 
4f level in most of the elements, but not in the case of Ce, Gd and Lu. Hence Gd has a 5d* 
arrangement in that this leaves a half filled 4f level, which gives increased stability. Lu has 
a 5d* arrangement because the f shell is already full. The lanthanides are normally 
characterised by the (+IH) oxidation state.
Lanthanides form compounds, which are ionic and covalent. The electronic structures of 
the ions are Ce3+: [Xe]4f\ Pr3+: [Xe]4 f2, Nd3+: [Xe]4f3, and Lu3+: [Xe]4fw. The 4f 
electrons in the innermost shell are effectively shielded from their chemical environment 
outside the atom by the 5s and 5p electrons.
The 4f electrons do not take part in bonding. They are neither removed to produce ions nor 
do they take any significant part in crystal field stabilisation complexes. The octahedral 
splitting of an f orbital requires only about lKJ/mol, and whether the f orbitals are filled or 
half filled, has little effect on the normal chemical properties, but it does affect the spectra 
and magnetic properties of the elements.











Lanthanum La 3493 -2.52 1.032
Cerium Ce 3512 _j -2.48 1.020
Praseodymium Pr 3623 -2.46 0.99
Neodymium Nd 3705 -2.43 0.983
Promethium Pm - -2.42 0.97
Samarium Sm 3898 -2.41 0.958
Europium Eu 4033 -2.41 0.947
Gadolinium Gd 3744 -2.40 0.938
Terbium Tb 3792 -2.39 0.923
Dysprosium Dy 3898 -2.35 0.912
Holmium Ho 3937 -2.32 0.901
Erbium Er 3908 -2.30 0.890
Thulium Tm 4038 -2.28 0.880
Ytterbium Yb 4197 -2.27 0.868
Lutetium Lu 3898 -2.26 0.861
Table 2.8 68 Sum of the first three-ionisation energies of lanthanide elements
The first three-ionisation energies of the lanthanide elements are very low, Table 2.8. Thus 
the Oxidation State (+HI) is ionic and Ln3+ dominates the chemistry of these elements. The 
Ln2+ and Ln4+ ions do occur but are always less stable than Ln3+. The higher oxidation state
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occurs in fluorides and oxides and the lower oxidation state occur in halides particularly in 
bromides and iodides.
The (+III) oxidation state is always the most common and stable. Lanthanide elements 
resemble each other much more closely than do a horizontal row of the transition elements. 
This is because the lanthanides effectively have only one stable oxidation state in this 
series. It is also possible to compare the effects of small changes in size and nuclear charge 
on the chemistry of these elements.
2.6.3 CLASSIFICATION OF THE RARE EARTH ELEMENTS
On the basis of the trivalent ionic radii, the rare earth elements are broadly classified into 
two groups: the light rare earth elements (LREE) or cerium subgroup, comprised of the 
first seven lanthanides (atomic number 57 to 63) and the heavy rare earth elements (HREE) 
or yttrium subgroup, comprised of the remaining lanthanides and yttrium (atomic numbers 
64 to 71 and 39). Yttrium is categorised with the HREE because of its occurrence, ionic 
radius and other similar properties. Scandium (atomic number 21) occurs widely 
distributed in nature at low concentration and is not typically classified as a LREE or 
HREE.
The similar radii and oxidation states of the rare earths allows their liberal mutual 
substitution in the crystal lattice sites of the minerals. This substitution accounts for their 
wide dispersion in the earth’s crust and the characteristic multiple occurrence of rare earths 
within more than 100 minerals.
2.6.4 ABUNDANCE AND THE NUMBER OF ISOTOPES
The lanthanide elements are not particularly rare. The abundance of the elements and the 












58 Ce 66 26 4
59 Pr 9.1 37 1
60 Nd 40 27 7
61 Pm 0 0
62 Sm 7 40 7
63 Eu 2.1 49 2
64 Gd 6.1 41 7
65 Tb 1.2 56 1
66 Dy 4.5 42 7
67 Ho 1.3 55 1
68 Er 3.5 43 6
69 Tm 0.5 61 1
70 Yb 3.1 44 7
71 Lu 0.8 59 2
Table 2.9 68Abundance of rare earth elements
Elements with even atomic numbers (an even number of protons) are more abundant than 
their neighbours with odd atomic numbers.
2.6.5 MINERALS OF THE RARE EARTH ELEMENTS
The rare earth elements are widely distributed in nature, and over one hundred types of 
minerals have been found which contain them 66, 67. The elements have similar properties, 
their usual charge number is three, and they are strongly electropositive. All minerals 
having rare earths as major constituents contain an array of elements. No known mineral 
contains only one lanthanide as its major constituent.
The lanthanides minerals are divided into three categories:
(1) The first are minerals, containing major quantities of the rare earths. Typical examples 
of these minerals are monazite, which contains the light rare earth elements, and xenotime 
which contains yttrium and the heavy rare earths.
(2) The second category includes minerals in which the lanthanide elements form a minor 
constituent but still exist in the tripositive state. The most common minerals arise through 
the partial substitution of tripositive lanthanides for large bipositive ions such as calcium 
and lead. Many calcium minerals, for example apatite, contains minor quantities of 
lanthanides.
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(3) In the third category small quantities of lanthanides in the bipositive condition replace 
uni-or bipositive ions. This replacement is usually confined to the two ions Eu2+ and Sm2+. 
Well-known examples of this are provided by the presence of small quantities of europium 
in some minerals of the fluorite and potash feldspars. The quantity of lanthanides is so 
small that they are not important as sources of the lanthanide elements. The following are 
the most important minerals of the rare earths.
Monazite
This is the most important mineral and consists of thorium-rare-earth phosphate (Th, Ln) 
PO4. The crystal structure is monoclinic. The thorium content, ThC>2, is usually in the range 
4% to 12% but some exceptional ores contain 30% of thoria. Some monazites also contain 
uranium. The mineral is found as a component in granitic rocks. It is resistant to 
weathering and has a high specific gravity. The minerals are widely distributed with 
important deposits in India, Brazil, Australia, South Africa and U.S.A. Associated minerals 
are xenotime, zircon, cassiterite, columbite, ilmenite and apatite.
Bastnaesite
This consists of rare earth fluorocarbonates LnFCC>3. The structure is hexagonal and the 
lanthanide content is 70% to 80% as Ln203. The minerals occur in weathered granitic 
deposits associated with cerite, fluorite and allanite. It has been found in a number of areas 
in Europe and Africa but the only commercially important deposit is in California, U.S.A.
Gadolinite
A mixed silicate of the lanthanides, iron and beryllium (Be, Fe) Ln2Si20io. The mineral is 
found in Scandinavia and U.S.A.
Xenotime
This consists of rare earth phospate LnPC>4. The structure of this mineral is tetragonal. The 
lanthanide content is from 55% to 70% as Ln2C>3 and some xenotimes may contain up to 
4% of uranium and a small amount of thorium. The mineral is found in acidic media that is 
highly silicious, igneous rocks and pegmatites. Deposits also contain monazite, zircon, 
rutile, anatase and less frequently fergusonite and other niobium-tantalum minerals. These 
minerals are widely distributed and found in Malaysia and Nigeria.
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Euxenite and Polycrase
They form a series of minerals with composition (Ln, U, Th) (Nb, Ta, Ti) 2 O 1 8 . Euxenites 
are high in niobium tantalum content and the polycrase minerals are high in titanium. The 
lanthanides content generally varies from 20% to 30% with uranium and thorium varying 
from 5-10% and 1-5% respectively. The niobium-tantalum contents of an euxenite is from 
25 -50% Nb2 C>5 and Tb20s. The distributions of the lanthanide elements are given in the 
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Figure 2.9 73 Lanthanide distribution in euxenite
The first two minerals, monazite and xenotime have high lanthanide contents but although 
monazite mainly contains the light rare-earth elements, the predominant element in 
xenotime is yttrium, with smaller quantities of the heavy rare earth elements. It is a 
characteristic of the xenotime type of mineral that yttrium is the largest single constituent. 
The amount of rare earth materials such as euxenite and gadolinite is relatively low and the 
lanthanide distributions is more uniform. Three important conclusions can be drawn from 
the above data.
(1) The abundance of the lanthanide elements varies from one mineral to another.
(2) Whether the mineral happens to be rich in the light or heavy rare earth elements, the 
whole assemblage of lanthanides is present even though some may be there in very small 
amounts.
(3) Superimposed on this pattern is one which arises from the general fact that elements of 
even atomic number are always considerably more abundant than those of odd atomic 
number.
(4) The element scandium, which is similar in some respect to the lanthanides, is found in 
some rare earth minerals but always in small amounts. Only one known mineral, the very 
rare silicate thortveitite, (LnSc) Si20io contains large quantities of scandium.
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2.6.6 SEPARATION OF THE LANTHANIDE ELEMENTS
The lanthanides are all typically trivalent and almost identical in size and hence their 
chemical properties are almost identical. The separation of one lanthanide from another is 
therefore an exceedingly difficult task 68.
There are several methods of separation of lanthanide elements; ion exchange, solvent 
extraction and valency change methods are considered to be the most promising. Some 
textbooks still imply that the lanthanides and yttrium are all produced by ion exchange 
technology. Only a few heavy lanthanides are purified commercially on a small scale by 
ion exchange. For large scale production the chosen path is solvent extraction, usually in 
nitrate solution 69.
In solvent extraction, once the starting precursor has been prepared, the process is 
independent of starting mineral and different feedstocks can ultimately be processed by the 
same separation routines and equipment. This is also called liquid-liquid counter-current 
two-phase extraction. It depends on the differences in the distribution of the solute species 
between two immiscible or partially immiscible phases 70, 71, 72. For a solute species “A”, 
this distribution is given by the Nemst partition law
[A]« - 1 — A a
[A],
where [A]e represents the concentration of A in the preferred solvent (the extract, usually 
in an organic solvent) and [A]r is the concentration in the depleted solvent (an aqueous 
phase) after the two phases have been thoroughly mixed and allowed to separate at 
equilibrium. The distribution coefficient Xa is constant for a particular solvent pair and 
solute at a given temperature. A similar equation can be written for the solute “B” from 
which A is to be separated, as follows:
[B]‘ - X  — Ab
m r
Then the separator factor ^ ab can be written as follows.
7 _  7 n  _  [ A ] e [ B ] r
Aab -  Aa/A b -
[A]r [B]e
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(Separation factor - Most separation techniques depend on exploitation of small 
differences in properties over a considerable number of stages. To compare their 
efficiencies, it is desirable to have some numerical measure of their operation and this is 
what is called a “separation factor”. It takes different forms for different types of process.)
The value of the separation factor should be as large as possible if A is to be concentrated 
in the extract section and B is in aqueous phase. When the separation factor is 1, no 
separation is possible.
Solvent extraction is generally carried out with a nitrate solution using tributyl- phospate as 
the solvent phase because solutions containing nitrate are dissolved in oxygen containing 
solvents such as alcohols, ketones, easters, tributyl phospate etc. In most of the cases, 
tributyl phospate is preferred because of its low volatility, low solubility in water and is 
resistant to nitric acid attack. Separation factors for neutral nitrate solutions are very low 
unless near- saturation conditions are maintained, which means that very concentrated and 
therefore very viscous solutions must be used.
Solvent/liquid-liquid extraction takes advantage of the relative solubility of solutes in 
immiscible (incapable of mixing) solvents. Two immiscible fluids, usually one light and 
one heavy fluid, flowing continuously in opposite directions are brought together and 
allowed to separate. The two layers of liquid are then transferred in opposite directions, 
each containing different concentrations of the solute based on the distribution coefficient 
(the solute dissolves more readily and becomes more concentrated in the solvent in which 
it has a higher solubility). A partial separation occurs when a number of solutes have 
different relative solubility in the two solvents used. The distribution coefficient 
determines the ratio of the concentration of the solute in each solvent.
There are four stages (Figure 2.10) and the solvent passes through all four from right to 
left. Entering stage 1 in the opposite direction is an aqueous stream, free of solute and 
impurities; the aqueous feed only joins it between stages 2 and 3. The solvent phase leaves 
the extraction stages and passes into stage 2 and 1, where it is equilibrated with an aqueous 
stream containing relatively little solute or impurities. In these stages, the impurities are 
largely pulled back along with a little of the desired solute into the aqueous stream and
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returned to the extraction stages. Scrubbing stages lower the solute concentration in the 
organic phase but improve the solutes’s purity.
The starting point for any separation can be taken as any naturally occurring mineral, 
which contains a mixture of lanthanides. For example, monazite consists of cerium, 
didymium+ (mainly neodymium) and lanthanum and a small amount of other lanthanides. 
Cerium is removed in the first step since it is the largest component and easy to separate. 
Hence feed, taken as lanthanum-didymium mixture mixes with the aqueous scrub solution 
and follow the procedure given above. Didymium+ is easily recovered from the solvent by 
back extraction with water. Lanthanum is recovered from the aqueous product by 
precipitation as oxalate.
To achieve any relatively complete separation, i.e., for two lanthanides adjacent in the 
periodic table in order to produce material of 99.99% or higher purity for the one element, 
without contamination by the other, many solvent extraction cells must be linked.
extract solvent
stage3 stage4stage 1 stage2
raffinateAqueous scrub
section aqueous feed
stagel and stage2 are known as scrub section 
stage3 and stage4 are known as extraction section 
raffinate is the exit stream that has been depleted of the desired
product
extract is the exit stream containing the desired product 
Figure 2.10 Solvent extraction with two scrubbing stages and two extraction stages
+ ( D i d y m i u m  —> m i x t u r e  o f  p r a s e o d y m i u m  a n d  n e o d y m i u m ,  b u t  m a i n l y  n e o d y m i u m )
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2.6.7 PRODUCTION OF RARE EARTH OXIDES
After separation by solvent extraction into individual pure Ln containing solutions, a 
precursor, usually oxalate, but possibly carbonate, is precipitated out. The desired oxide is 
produced by the calcinations at 1000°C. Commercially, these oxides are available in high 
purities, from 95% to 99.99%.
Control of the precursor precipitation stage determines the particle morphology of that 
precursor and also of the derived oxide. Finer particles can be made by controlled 
nucleation, either in dilute solutions or by the hydrolysis in situ of an additive, e.g. urea, 
which creates the precipitating anion. The surface area of different rare earth oxides can be 
controlled by the control of the precipitation and calcination conditions.
2.6.8 STRUCTURE OF RARE EARTH OXIDES
The Ln203 sesqui-oxides are the stable well-defined solids usually obtained as the final 
product of the calcinations in air of most Ln metals, Ln salts such as oxalates, carbonates 
and nitrates. The three elements cerium, praseodymium and terbium, however, have stable 
oxides of different compositions.
The rare earth oxides possess one of four structural forms. Ceric oxides, and dioxides of 
praseodymium and terbium have the fluorite structure. The sesquioxides fall into one or 
more of the three structures A, B, C (Figure 2.11) depending on the size of the cation and 
thermal history of the material.
The non-stoichiometric oxides of cerium, praseodymium and terbium form a range of 
defect structures depending on the equilibrium oxygen pressure and thermal history of the 
specimen. Goldschmidt first determined the structure of the oxides. He assigned the 
fluorite structure to the ceric oxide and this has been confirmed by later work. For the 
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Figure 2.11 73 Crystal structures of the rare earth oxides 
In the A structure (Fig. a, b) the lanthanide ion has an unusual 7 co-ordination. Six oxygen 
ions have an octahedral grouping around the metal, the additional oxygen ion being added 
above in one face of the octahedron; this structure is mostly favoured by the lightest 
lanthanides.
In structure B (Fig. d), the metal ion also has 7 fold co-ordination; six of the oxygen ions 
have an octahedral arrangement, the remaining oxygen ion-metal ion bond being unusually 
long. The eight oxygen ions at the comers of the cube surround each metal ion in the 
fluorite structure, while each oxygen ion is surrounded by four metal ions at the comers of 
a tetrahedron and then the structure is mostly favoured by the middle lanthanides.
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The structure C (Fig. c) is related to the fluorite structure by removing one quarter of the 
anions. The co-ordination number of the metal ion is 6 and half of the missing oxygen ions 
are on a body diagonal alternating with a face diagonal. This similarity between fluorite 
and the C structures probably accounts for the ease with which mixed crystals are produced 
by the C type sesquioxides and the higher oxides of cerium, praseodymium and terbium.
Transformations of the sesquioxides occur, only with the elements from lanthanum to 
praseodymium. The C structure alone is found with yttrium and the elements from 
holmium to lutetium. This structure is stable at low temperatures for the remaining 
elements but the B structure can be obtained by quenching the C structure oxides from a 
moderate to high temperature. The middle and heavy lanthanides mostly favour the C-type 
structure.
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2.7 PER VOS KITE STRUCTURE
2.7.1 PEROVSKITE STRUCTURE- AN OVERVIEW
The term “perovskite” is applied to the structure of those materials which crystallize with 
symmetry closely related to that of the mineral perovskite, CaTiOs 74 ’ 75, 76, 11. Many of 
these materials have important technological applications and interesting physical 
properties. Most of the compounds with the general formula ABO3 have the perovskite 
structure which may be described as a simple cubic unit cell with a large cation (A) on the 
comers, a smaller cation (B) in the body centre, and oxygen (O) in the centres of the faces 
(Figure 2.12). The structure is a network of comer linked oxygen octahedra, with the 
smaller cation filling the octahedral holes and the large cation filling the dodecahedral 
holes.
O X Y G E N B C A T I O NA C A T I O N
F ig u r e  2 . 1 2 75 P e r o v s k i t e  s t r u c tu r e ,  ABO3
In the perovskite structure, a cation is co-ordinated with twelve oxygen ions and the B 
cation with six. Thus the A cation is normally found to be somewhat larger than the B 
cation. In order to have contact with the two cations A, B and O (oxygen) ion, (Ra+Ro) 
should be equal to V2(Rb+Ro), where RA, Rb and Ro are the ionic radii. The cubic 
perovskite structure is stable only if the tolerance factor t has an approximate range
0.8<t<0.9 and a somewhat larger range for a distorted perovskite structure. The tolerance 
factor t is defined as
6 7
t — (Ra+Ro)/ V2 (Rb+Ro)
It is important to note that in the perovskite structure the sum of the A and B valences has 
to be equal to 6 . It is very difficult to assign the correct unit cell dimensions for the 
distorted perovskite structure because of conflicting reports in the literature 78.
2.7.2 CLASSIFICATION OF PEROVSKITES
A possible classification for the perovskites and a quite logical one is based on the anions
no nn oa 01 Q ' j
that are found in this structure type ’ ’ ’ ’ . There are several requirements for the
anions but the important ones are given below.
(1) Relatively low ionic radii in the size range of the biggest cations known in the periodic 
table.
(2) Relatively low polarizability in order to prevent the formation of covalent bonds. Thus, 
only a few anions exist that fulfil the demands, i.e., O ", S ", F" and Cl". A mixture of 
different anions is also possible (Oxyfluorides). The largest groups of perovskite type 
mixed metal oxides are, the Fluoroperovskites and the Oxoperovskites.
Fluoroperovskites
The choice of cations that form fluoroperovskites is limited to a I/II combination. 
Monovalent cations are often found among Na, K and Ag. Typical divalent cations are Mg, 
Mn, Co, Fe, Ni and Zn. Due to the ionic radii, the monovalent cations usually participate in 
the AF3 -layers whereas smaller divalent cations occupy the octahedrally coordinated 
positions. Perovskites with inverted site occupancy (an effect known from the spinel 
structure) are found when the divalent cation has a larger radius than the monovalent cation 
as in the case of BaLiF3.
Oxoperovskites
The mixed metal oxides can be further grouped by the charge of the cations. Given the 
stoichiometry A B O 3, 6 negative charges of oxygen need to be compensated. This is 
realized in the following manner
(a) A 1+ B5+ O3
(b) A2+ B4+ O3
(c) A3+B3+ 0 3
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Oxides of the A 1+ B5+ O3 type:
The best example of this type of oxides is KNb03  which has a structure which can be 
described by an orthorhombic unit cell of a=3.9714A, b=5.6946A and c=5.7203A where b
and c are equal to approximately V2 a, or to the length of the face diagonals of the simple 
perovskite cell. The other examples are NaNb0 3 , which has the orthorhombic unit cell, and 
KIO3, which has a rhombohedral unit cell.
Oxides of the A2+ B4+ O3 type:
The largest numbers of the perovskite compounds are described by the general formula 
A2+ g 4+ q^ wjiere cations A are alkaline earth ions, cadmium or lead and the B4+ ions 
include Ce, Fe, Pr, Sn, Hf, Ti, Zr and Mo. The best-known compounds of this type are the 
titanates. For example calcium titanium oxide, barium titanium oxide and strontium 
titanate etc.
Oxides of the A3+ B3+ O3 type:
The largest number of A3+ B3+ O3 type compounds were found to have the orthorhombic 
structure similar to that of GdFe0 3 . The space group for these compounds is Pbnm- 
The unit cell for the GdFe03  structure has parameters, ao=5.346A, b0=5.616A, c0=7.668A 
and contains four distorted perovskite units.
The possibility of relatively free substitution of certain cations in the structure leads to the 
variety of perovskite-type metal oxides mentioned above. Substitutional routes include:
(1) Replacement of a cation by another cation of the same valency.
(2) Replacement of a cation by a combination of cations of different valency, such that the 
net charge remains the same.
(3) Replacement of a cation by a cation of different valency such that the charge 
differences are compensated by a reduction or oxidation of the second metal ion present in 
the compounds (for example Lai_xSrxMn03 ).
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2.7.3 RARE EARTH PEROVSKITES
As the atomic number (Z) increases, the atomic radii for rare earth atoms (lanthanides) 
reduce because of the increasing electrostatic attraction of the electrons to the nucleus as 
the nuclear charge rises and the 4f sub shell is filled. For example the Goldschmidt 
tolerance factor (t) for LaA103 is 0.95 and 0.92 for NdA103. This suggests that among the 
rare earth aluminates, LaA103 is more likely to have the ideal perovskite structure. As the 
atomic number increases, the distortions require to form the ideal perovskite lattice 
increases as well.
2.7.4 STOICHIOMETRY
A large number of compounds and solid solutions crystallising with the perovskite 
structure conform to the stoichiometry criterion, ABO 3, yet a considerable number of non- 
stoichiometric compounds have been reported in the literature ’ . The rare earth niobates
O f
and tantalates i.e, Lao.33Nb03  crystallize with the perovskite structure with 67% of the A 
sites vacant and a number of oxygen-deficient compounds such as Ba2BaTaOs.5 83. 
Therefore, for the perovskite structure, the stoichiometry criterion that A :B:0 = 1:1:3, 
although frequently observed, is not invariable.
2.7.5 GOLDSCHMIDT’S TOLERANCE FACTOR (t), VALIDITY RANGES AND 
CORRESPONDING PEROVSKITE VARIANT
The tolerance factor invented for the perovskite structure by Goldschmidt (Table 2.10) is 
based on the fact that, three sizes of spheres in a perovskite structure will have contact with 
each other. Since the ionic radii are generally well known, a tolerance factor can be 
calculated, which indicates the “compatibility” of a given set of ions with the ideal, cubic 
perovskite structure.
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Tolerance factor (t value) Effect Possible structures
>1 A cations are too large to 
fit into their interstices
Hexagonal perovskite 
polytypes
0.9 to 1.0 Ideal conditions Cubic perovskites
0.71 to 0.9 A cations are too small to 
fit into their interstices
Several structures are 
possible such as 
Orthorhombic perovskites, 
rhombohedral variants
<0.71 A cations are of same size 
as B cations
Possible closed pack 
structures
Corundum structure 
(disordered arrangement of 
cations)
Ilmenite structure (ordered 
arrangement within the 
sheets)
KNbOs structure




2.8.1 DEFINITION OF SOLID SOLUTION
The most common type of departure from the ideal crystal occurs during the inclusion of 
foreign atoms into the host crystals. If a material crystallises in the presence of foreign 
atoms they may be completely rejected by the crystal if they appreciably increase the 
energy of the crystalline form, which leads to the formation of two crystal structures. 
However, a new crystalline phase will develop if building them into the host structure in an 
ordered way leads to a lowering of the energy of the system 86.
In the intermediate region, foreign atoms may fit into the structure in a random way as the 
crystal is built up. During this process the energy does not change appreciably and the 
entropy is increased by random additions of the foreign atoms. So a solid solution forms 
when, as the solute atoms are added to the host material, the crystal structure is maintained, 
and no new structures are formed. A solid solution has the lowest free energy, stable 
configuration and is also compositionally homogeneous. (“Compositionally homogeneous” 
requires the impurity atoms to be randomly and uniformly dispersed within the solid).
When a solid solution is formed in any material, there is usually a change in the cell size 
with composition, in accord with Vegard’s law, which states that “lattice cell dimensions 
vary linearly with the concentration of the solute” 87.
2.8.2 TYPES OF SOLID SOLUTION
There are two ways in which a random number of added atoms could fit into the structure
o z  o 7
when the crystal is built up ’ . One way is for the foreign atoms to fit into positions
normally occupied in the host structure; this is called a substitutional solid solution. The 
added atom can also fit into normally unoccupied interstitial sites in the crystal, to form an 
interstitial solid solution. Both types of solid solutions are important in ceramic systems.
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Substitutional solid solution
Substitution of one ion for another is common in the formation of ceramic crystals. When 
the ion that is being introduced directly replaces an ion of the same charge in the parent 
structure, then a substitutional solid solution is formed. The substitutional solid solutions 
can be classified as homovalently substituted and are heterovalent or aliovalent solid 
solutions.
In homovalent substitution, ions are substituted by other ions of the same charge and no 
additional charge is needed to maintain the charge balance.
In the aliovalent/heterovalent substitutional solid solution, ions are substituted by other 
ions of different charge. Consequently, additional changes involving creation of vacancies 
or interstitial (ionic compensation) or electrons or holes (electronic compensation) are 
needed. For ionic compensation there are four possibilities for cation substitution and a 
similar scheme is also possible for anion substitution.
Ionic compensation mechanisms
Creating anion vacancies
(a) If the replaceable cation of the host structure has lower charge than the cation, which 
replaces it, additional changes are needed to preserve electroneutrality. One way is to 
create cation vacancies by leaving out more cations of the host structure. For example 
divalent ions may be substituted by trivalent ones in MgAl204 where Mg2+ ions on 
tetrahedral sites are replaced by Al3+ ions in the ratio 3:2 to form the solid solution Mgi_3X 
AI2+2XO4, in which x tetrahedral site vacancies are also created. There are countless other 
examples of similar solid solutions. Size constraints obviously apply, but it is difficult to 
make quantitative rules and predictions as to which solid solution may or may not form.
(b) If the replaceable ion of the host structure has a higher charge than that of the replacing 
cation, charge balance may be maintained by creating either anion vacancies or interstitial 
cations. The best-known example of anion vacancies occurs with the fluorite structure in 
oxides such as Zirconia. Anion vacancies occur in cubic, lime stabilised Zirconia having 
the formula Zri.xCax0 2 -x, where 0.1<x<0.2. The total number of cations remains constant
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with Ca2+ and Zr4+ ions disordered over the eight co-ordinated Zr4+ sites and to retain the 
charge balance, oxide ion vacancies are created.
Creating interstitial anions
The other mechanism by which a cation of higher charge may substitute for one of a lower 
charge is to create at the same time interstitial anions. This mechanism is not common 
because most structures do not have interstitial sites large enough to accommodate extra 
ions. In certain cases it is favoured by the fluorite structure. For example CaF2 can dissolve 
small amounts of YF3. The total number of cations remains constant, with Ca2+; Y3+ ions 
disordered over the Ca sites. In order to retain the charge balance, a fluoride interstitial is 
created to give Cai.xYxF2+x. These extra F  ions occupy large sites surrounded by eight 
other F  ions at the comers of a cube.
Creating interstitial cations
This is a common solid solution mechanism provided the host structure has suitably sized 
interstitial sites to accommodate the extra cations. Various “stuffed silica” phases are good 
examples of the above, although they are complex in structure. These are aluminosilicates 
in which the structure of one of the three polymorphs of silica-quartz tridymite or 
cristobalite is modified by partial replacement of Si4+ by Al3+, at the same time alkali metal 
cations enter the interstitial holes in the silica framework to neutralise the charge 
imbalance.
Double substitution
In this process two substitutions take place simultaneously. For example in synthetic 
olivines, Mg2+ may be replaced by Fe2+ and at the same time Si4+ is replaced by Ge4+ to 
form the solid solutions (Mgi.xFex)(Sii_yGey) O4.
Interstitial solid solution
If the added ions are small, they can go into interstitial sites in the crystals to form solid 
solutions. This type of solution is particularly common with metallic bonding where H, C, 
N and B can easily fit into the interstitial sites. The ability to form interstitial solid 
solutions depends upon the same factors as in the case of substitutional solid solutions 
except for the crystal structure factor. The size effect depends upon the host crystal 
structure.
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2.8.3 FACTORS AFFECTING THE SOLID SOLUTION
There are several factors determining the extent of substitution that can take place in solid 
solutions 88' 89' 90
Relative size factor
If the sizes of the two ions differ by less than about 15%, conditions are favourable for the 
formation of solid solutions. If the relative ion size differs by more than 15%, substitution 
is generally limited and is usually <1%. Thus the ions, which replace each other, must be 
of a fairly similar size.
Relative valence factor
The ions, which replace each other, must have the same charge. If this were not the case 
then other structural changes involving vacancies or interstitials would be required to 
maintain electroneutrality.
Chemical affinity factor
The greater the chemical reactivity of the two crystalline materials, the more restricted is 
the solid solubility, since a new phase is always stable. Thus when chemical affinity is 
high, the two cations tend to form an intermediate phase rather than a solid solution 
Generally, the further apart the elements are in the periodic table, the greater is their 
chemical affinity. For oxides this restriction is usually implicit in factors of ion valency 
and size.
Crystal structure factor
For complete solubility both the compounds should preferably have the same crystal 
structure. This does not, however restrict limited solid solution.
On the basis of these factors an estimate of the extent of substitutional solid solution to be 
expected can usually be obtained. For oxides the major factors are the relative ion sizes and 
valencies.
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2.9 ORIGIN OF COLOUR IN INORGANIC PIGMEMTS
2.9.1 INTRODUCTION
Coloured substances absorb light in the visible part of the spectrum. A theory to explain 
the observed colour has to consider the whole absorption spectrum of the substances and 
has to explain why they absorb in a certain region of the visible spectrum. In order to 
explain satisfactorily why certain substances are coloured, two factors have to be taken into 
consideration 91. First the nature of the ions involved and secondly the chemical and 
electrical interactions between them which give rise to the properties. For inorganic 
compounds the first factor seems to be more important, whereas the second one plays an 
important role in organic colorants.
2.9.2 MECHANISMS
The mechanisms, which are important for colour generation in inorganic pigments 92,93, 94, 
95, are explained on the basis of: -
(a) Colour due to charge transfer
(b) Crystal field colours
(c) Band theory (Colours in insulators and semiconductors)
Colour due to charge transfer
In the charge transfer process colour is produced by electronic transitions. A charge 
transfer transition is one in which a relatively large redistribution of electron density 
occurs. This can occur in several ways. When two metal cations are involved in the 
electron redistribution, this can involve electron transfer from one cation to another, or in a 
cation to anion or intervalence transfer. Cations also give or receive electrons from 
surrounding non-metal ions in cation to ligand or ligand to cation processes. Finally the 
electron redistribution might simply involve charge transfer between orbitals that are 
largely localised in different parts of the molecule or complex.
76
Cation-to-cation or intervalence charge transfer
Mixtures of metal ions can produce intense colour by the transfer of an electron from one 
cation to another. Such transitions are called intervalence or cation-to-cation charge 
transfer transitions. For these to occur the cations must be able to adopt two different 
valence states. If the ions are widely separated or if the anion geometry surrounding one 
cation is quite different from that surrounding the other the transition will not occur. 
Example: V47  V5+
Concentration dependence of intervalence colours
The colour of a charge transfer material has been found to depend upon the concentration 
of the ions present. When the concentration of the ions involved is low, the charge transfer 
bands give rise to less intense colours.
Example:
2+Charge-transfer colours are often observed in materials containing iron in both the Fe and 
Fe3+ forms. In such transitions an electron is transferred from the Fe2+ to the Fe3+ ion.
Fe2+ [A] + Fe3+ [B]—> Fe3+ [A] + Fe2+ [B]
Where [A] and [B] refer to the sites occupied by the ions. For such a transition to produce 
colour, some energy must be absorbed, which means that the final state must be at a 
different energy level than the initial state.
Crystal field colours
In an isolated transition metal atom or ion, all the d orbitals have same energy. Similarly in 
an isolated rare earth atom or ion, all the f orbitals have same energy. When the transition 
metal ion or the rare earth ion is placed into a crystal, the energy of the d orbitals in the 
case of the transition metal ion and the f orbitals in the case of the rare earth ion, increases 
due to the repulsion between the surrounding electrons and the electrons in the d- orbitals 
or f orbitals respectively. If these surrounding electrons were distributed evenly over the 
surface of a sphere, the five d orbitals in the case of transition metal ions and the seven f 
orbitals in case of rare earth ions, would still have the same energy as each other, although 
being much higher than for the isolated state.
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However, it is not difficult to imagine that if the surrounding electrons are arranged 
differently, the energy of some of the d-orbitals or some of the f-orbitals might differ. This 
is called crystal field splitting or Ligand field splitting, shown in Figure 2.13.
T2g is the one set of d orbitals having lower energy and eg is the another set of d orbitals 
having higher energy in the octahedral crystal field splitting.
t2 is the one set of d orbitals having higher energy and e is the another set of d orbitals 
having lower energy in the tetrahedral crystal field splitting
In an octahedral field the T2g set have a lower energy and the eg set a higher energy with 
respect to the spherical group whereas in a tetrahedral field the condition is reversed. The 
separation of the lower and upper energy levels, the crystal field splitting is known as A in 




T etrahedral O ctahedral
Figure 2.13 Crystal field splitting of the chromophore ion in the presence of host crystal 
Example of crystal field splitting
The 5-d orbitals in the transition metal ion directed along or between x-, y-, and z-axes are 
denoted as dxy, dyz, dzx, dx2.y2 and dz2. In the isolated state, all the 5d orbitals have the same 
energy. When the transition metal ion is incorporated into the crystal, the repulsion 
between the electrons in some of the d- orbitals and the surrounding electrons might be 
higher or lower compared to the repulsion between the electrons in other d orbitals and 
surrounding electrons.
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Consider a transition metal ion surrounded by an octahedron of negative O2' ions. The d 
orbitals pointing directly towards the oxygen ions, i.e. dX2-y2 and dZ2 will be strongly 
repelled and so be raised in energy compared to those pointing between the oxygen ions,
i.e. the dxy, dyz, dzx group. Thus the crystal field splitting generates an energy gap between 
the lower group of orbitals and the upper group.
Similarly if the transition metal ion is surrounded by a tetrahedron of O ' ions, the crystal 
field splitting is reversed. In this case dxy, dyz, dzx, orbitals are raised in energy relative to, 
dx2-y2 and dZ2. The magnitude of the splitting for ions in a tetrahedron will be less than that 
for ions in an octahedron because there are only four negative ions instead of six and 
because they are further away from the central ion.
The colour produced by an ion is due to the d- electrons moving across the energy gap 
created by the crystal field splitting. In case of the rare earth ion there are seven orbitals 
which take part in crystal field splitting. Similar to the transition metal ion when the rare 
earth ion is incorporated into the crystal, the f orbitals of the rare earth ion are split into 
two where one group of the orbitals have more energy compared to the other group. 
Consequently there is a transition of electrons between the energy levels which gives rise 
to the characteristics colour.
The magnitude of the crystal field splitting will depend on the geometry of the surrounding 
ions and how close they are to the cation. In a strong crystal field, produced when the 
surrounding anions are close to the cation, the crystal field splitting is large. In a weak 
crystal field, produced when the surrounding anions are further away from the cation, the 
splitting is smaller. This effect accounts for the observation that any particular rare earth 
cation may exhibit different colours in different host crystals.
Crystal field colour compounds
Colours produced in Zircon, Sphene, Garnet, etc with the incorporation of the 
chromophores, either transition metal ions or rare earth ions, are examples of crystal field 
colours.
For example the mineral zircon has a high melting point (2550°C) and high refractive 
index (1.5). The temperature of formation of the structure can be lowered with the use of
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certain modifiers or mineralisers such as alkali halides, the most common one used being 
sodium fluoride. This structure has been examined extensively over the years and can be 
made successfully either by the fusion of silica and zirconia oxides at 1050°C or by 
chemical precipitation from soluble compounds of the two oxides.
Sometimes commercially available zircon can also be used as a host lattice for ceramic 
pigments. Transition metal oxides, as chromophore, can be incorporated either directly to 
the commercially available zircon or to the mixture of zirconia and silica in the presence of 
mineraliser. All transition metal ions have five d orbitals and all the five d orbitals have the 
same energy in the ground state. When it is incorporated into the zircon host lattice, it 
replaces preferably Zr4+ cation in the lattice, which can be represented by the solid solution
Zr(i.X)TMxSi04
Where TM -  represents the transition metal ion and 0 < x < 1
Because of the interaction of the transition metal ion with the host lattice zircon, the five d 
orbitals have different energies and split into two groups one having higher energy and one 
having lower energy as shown in the Figure 2.13. The transition of energy from higher 
energy level to lower energy level gives rise to the characteristics colour if the energy falls 
in the visible region.
Similarly when praseodymium oxide (rare earth oxide) is incorporated into the zircon 
lattice it gives an intense yellow colour and the structure of praseodymium-doped zircon is 
shown in the Figure 2.14. In this case zirconia and silica compared to the commercially 
available zircon are preferable with some mineralisers. A series of chemical reactions 
occur during calcinations at temperature from 900°C - 1200°C. The Pr3+ (in oxygen rich 
atmosphere P ^O n becomes slightly more oxidized, such that the stoichiometry changes 
from Pr60n to P^Os) enters the lattice simultaneously with the ZrC>2 + SiC>2 reaction and 
replaces the Zr4+ ion, forming the solid solution
Zr(i_X)PrxSiC>4 where 0 < x < 1
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The interaction of the praseodymium oxide with the host lattice gives rise to the splitting of 
the f orbitals into two groups, one group having higher energy and the other group having 
lower energy, similar to the transition metal oxides. The transition of energy from the 
higher energy level to the lower energy level gives the characteristic colour to the 
compound. Electro-neutrality can be achieved by two means, anionic deficiency in the 
lattice or partial replacement of oxygen by fluorine anions if NaF is used as a mineraliser. 





Figure 2.14 Structure of praseodymium-doped zircon
A similar mechanism is responsible for the production of colours in sphene, spinel and 
garnet, by the incorporation of either single or combinations of transition metal oxides.
Band theory
In ideal crystals, all the atoms occupy the appropriate sites with all the sites filled. In 
addition the electrons should be in the lowest energy configuration. According to the Pauli 
exclusion principle, the electron energy levels are limited to a number of energy bands 
with a maximum cut off energy at 0° Kelvin, which is known as the Fermi energy.
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The “Fermi level" is the term used to describe the top of the collection of electron energy 
levels at absolute zero temperature. This concept arises from Fermi-Dirac statistics. 
Electrons are fermions and by the Pauli exclusion principle, cannot exist in identical 
energy states. So at absolute zero they pack into the lowest available energy states and 
build up a "Fermi sea" of electron energy states. The Fermi level is the surface of that sea 
at absolute zero, where no electrons will have enough energy to rise above the surface.
The different temperature effects observed for metals, semiconductors and insulators are 
related to the electronic energy band levels 96, 97, 98, 99. In the case of semiconductors and 
insulators, a completely filled energy band is separated from a completely empty 
conduction band of higher electron energy states by a band gap of forbidden energy levels. 
In intrinsic semiconductors the energy difference between the filled and empty bands is not 
large compared to the thermal energy.
In semiconductors, a narrow gap separates the valence band from the conduction band. The 
colour of a pure semiconductor is governed by this energy. When the energy gap is 
relatively large, light photons are not energetic enough to excite an electron from the 
valence band to conduction band and so are not absorbed.
If the minimum energy is small and lies in the infrared region the semiconductor will 
absorb or reflect the entire visible spectrum.
If the band gap falls in the visible region, the semiconductor will absorb energy and this 
will cause the material to be strongly coloured. It is also interesting to note that band gaps 
can be finely tuned by making solid solutions of semiconductors.
Most of the insulators are colourless due to the presence of a large band gap. Sometimes 
addition of impurities can change this state of affairs and the compound becomes coloured. 
There are two ways in which normally colourless materials can become coloured by the 
addition of colourless impurity atoms. The first of these involves the creation of new 
energy levels within the band gap. The excitation of electrons to and from these levels will 
give rise to colours when the energy difference falls in the visible region. The impurities
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can be classified as donors if they contribute electrons to the conduction band, or acceptors 
if they take up electrons from the valence band.
X> Conduction band
i >  Valence band
(a) Insulator
> Electrons





Figure 2.15 Electron energy band levels for (a) an insulator (b) an intrinsic semiconductor (c) a
metal
For insulators, the conduction band is completely empty, the valence band is completely 
filled by electrons and the energy gap is quite large.
Intrinsic semiconductors have a similar band structure to insulators except that the 
separation of the empty and filled energy bands is small so that electrons have enough
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energy to be transferred from the top of the valence band to the bottom of the conduction 
band.
For metals, the conduction band is partly filled and the valence band is full.
Example:
Pigments based on CdS are examples of semiconductor based pigments. Cadmium 
sulphide (CdS) and cadmium selenide (CdSe) both have the same crystal 
structure,“wurtzite”, one of the forms of ZnS. CdS absorbs high-energy photons from 
violet to green- blue. CdSe has a small band gap and absorbs all the visible wavelengths 
and appears black to the eye. The sulphur and selenium atoms in both the compounds are 
of similar size, which allows one to readily replace the other and this makes for the easy 
formation of solid solution CdSi_xSex. By changing the value of x where 0 < x <1 different 
colours can be obtained.




Colour centres involve the displacement of an electron by irradiation or other techniques 
with the formation of a hole centre 100, 101. When the crystal becomes coloured, it is said to 
contain colour centres and these colour centres are nothing but lattice defects which 
absorbs light.
It is possible to colour the crystal in a number of ways.
(a) Crystals can be coloured by the addition of suitable chemical impurities. Hence alkali 
halide crystals can be coloured by ions whose salts are normally coloured.
(b) Crystals can be coloured by introducing stoichiometric excess of the cation by heating 
the crystals in the alkali metal vapour and then cooling it quickly. In this case the colours 
produced depend on the nature of the crystals. For example, LiF heated in Li vapour gives 
a pink colour, KC1 with excess of K gives blue and excess of Na in NaCl gives a yellow 
colour.
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(c) Crystals can be coloured or can be made darker by exposing them to high-energy 
radiation such as X-rays or y rays, or by bombarding them with energetic electrons or 
neutrons.
F centres
The simplest type of colour centre, comes from the German word Farbe, which means 
colour, is generally produced by heating the crystals in an excess of an alkali vapour or by 
irradiating the crystals by X-rays.
Formation of F-centre
Colour centres in crystals can be formed by their non-stoichiometric properties when 
crystals have an excess of one of its constituents. For example NaCl can be coloured by 
heating it in an atmosphere of sodium vapour and then cooling it quickly. The excess 
sodium atoms absorbed from the vapour split up into electrons and positive ions in the 
crystals (Figure 2.16).
The crystals become slightly non-stoichiometric, with more sodium ions than chlorine 
ions, which results in Cl' vacancies. The valence electron of the alkali atom is not bound to 
the atom and diffuses into the crystal and becomes bound to a vacant negative ion site at F. 
Then it traps an electron in order to maintain local charge neutrality. So the combination of 
an excess electron captured in this way at a negative ion vacancy in the alkali halide is 
called an F-centre.
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Figure 2.16 Formation of the colour centres in NaCl crystal
Energy levels in F-centres
Colour centres are generally produced when point defects in a crystal trap electrons with 
the resultant electronic energy levels spaced at optical frequencies. The trapped electron 
has a ground state energy determined by the surroundings of the vacancy.
When the crystal is exposed to white light, a proper component of energy excites the 
trapped electron to a higher energy level and it is absorbed in the process and a 
characteristics absorption peak near the visible region appears in the absorption spectrum 
of the crystal having F-centres and this peak remain unchanged even if a foreign atom is 
substituted for the metal atoms of the host crystal. This explains how the absorption peak is 







Figure 2.17 Energy levels of F-centre
8 6
Scattering
Rayleigh scattering refers to the scattering of light of the molecules of the air and also can 
be extended to scattering from particles up to about a tenth of the wavelength of the light. 
John Tyndall demonstrated that the extent of scattering from particles that are small 
compared to the wavelength of light depends on the wavelength, with blue being scattered 
(much more) than red. The amount of scattering was derived by Lord Rayleigh, that the 
intensity of the scattered light I s is related to that of incident light 10 by the inverse fourth
power of the wavelength X
I s _  Const.
Rayleigh scattering is more effective at short wavelengths (towards the blue end of the 
spectrum). This is considered to be an elastic scattering since the energies of the scattered 
photons is not changed after scattering. When the scattered photons have either a higher or 
lower energy, then this is called Raman scattering. Rayleigh scattering of the molecules 
and dust particles of the air is responsible for the colour of the blue sky and the red sunset.
When the size of the particles is larger compared to the wavelength of light, Mie scattering 
is produced. The red colour of the ruby glass containing colloidal gold is an example of 
Mie scattering. Mie scattering is not strongly wavelength dependent. It produces the white 
glare around the sun when a lot of particulate material is present in the air. It also gives us 
the white light from mist and fog.
2.9.3 ORIGIN OF THE ABSORPTION SPECTRA IN RARE EARTH ELEMENTS
The electronic structure of the M3+ ion of the lanthanide series is shown in Table 2.7. It is 
evident that there are electrons in partially filled 4f orbitals. Hence lanthanides show 
colours due to the electron transitions involving the 4f orbital and the absorption spectra 
are due to the electronic transitions between energy levels in the 4f shell.
The sharpness of the spectra is due to the fact that the inner electronic shell is largely 
shielded from the effects of the ligand field by the outer 5s and 5p electrons and is little 
influenced by crystal surroundings. Consequently the important optical and magnetic
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properties attributed to the 4f electrons for any particular lanthanide ion do not depend 
significantly upon the host structure and therefore vary little in the different crystal hosts.
2.9.4 COLOUR GENERATION IN PEROVSKITE STRUCTURES
Colour develops in pigments of the oxide type by incorporation of a chromophore into the 
lattice of a compound or solid solution. Chromphores have valencies ranging from +2 to 
+6 and ionic radii from 0.69 to 1.00 A .  Therefore an evaluation of the perovskite structure 
involves determining whether the incorporation of chromophores is compatible with the 
crystallo-chemical variables that control stability.
The structural parameters influencing the formation of ionic compounds and solid 
solutions are similar and are explained below.
(1) The material must contain the correct proportions of ions on the various distinguishable 
lattice sites, which means it must confirm to the stoichiometry of the structure.
(2) The material must conform to the fundamental principle of overall electro-neutrality, 
which means that the valence sum of the cations must be equal to 6.
(3) The ions on the various lattice sites must conform to the size relationship imposed by 
the geometry of the structure.
In the perovskite structure, colour develops by incorporation of the colouring oxide, which 
is compatible with the host structure due to the distortion of the lattice.
2.10 RECENT DEVELOPMENTS IN CERAMIC PIGMENTS BASED ON 
RARE EARTH
2.10.1 PIGMENTS BASED ON PEROVSKITE STRUCTURE
The majority of the ceramic pigments are based on inorganic oxides. With few exceptions, 
these oxides are the only coloured materials capable of withstanding the severe conditions 
encountered during decorating i.e. high temperature and the corrosive action of the 
vitrifiable liquid.
The severity of these conditions has restricted the palette of colours available for ceramic 
applications. Many attempts have been made to extend the range of ceramic pigments. 
Extensive investigations have already been made in the structures like spinel, sphene, 
garnet, pyrochlore etc as pigments for high temperature ceramic applications.
The structure, which is not commonly encountered as a commercial pigment, is the 
perovskite structure. Recently attention has been focused on the crystal structure of 
perovskites and their possible use in ceramic applications. M. Kato and M. Takahashi have 
developed a reddish pink pigment by doping Cr with NdA103-Al2 0 3 102. Pishch and Radion 
have synthesized pigment based on the perovskite CaTi03  with the incorporation of the 
colouring oxides (CoO and NiO) for possible use in high temperature applications. 
Similarly I. Marinova, E. Cordoncillo 104 have developed pigments on the rare earth 
perovskite structure with the incorporation of small amount of chromium. M. Jansen and 
H. P. Letschert105 have developed environmentally friendly yellow to red pigments on the 
perovskite structure (Ca, La) Ta (O, N) known as oxy-nitride compounds, which is an 
example of a semiconductor pigment. The use of rare earth aluminates having the 
perovskite structure has also been reported 106.
2.10.2 MIXED METAL OXIDE PIGMENTS
The classical red pigments used to date in the ceramic industry are of two types: Iron oxide 
(Fe203 in zircon matrices) and lead oxide (Pb304 in tin oxide matrices), while cadmium 
sulfoselenide is poisonous and unstable above 900°C.
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Recently research into pigments based on Ce02 to produce environmentally friendly 
pigment has been undertaken. New investigations indicated that these materials could be 
replaced by rare earth refractory pigments. In this sense the Ce02-Pr60n system has shown 
the ability to stabilise the Pr (III) within cerium oxide 107, 108, 109, 110 . A red-brown colour 
stable at high temperature can be obtained for low praseodymium content.
Petra Sulcova and Miroslav Trojan m ’ 112, 113, 114 have shown that an orange pink colour 
could be obtained by the combination of Ce(i_X)Prx02  with other rare earth oxides.
Using different mineraliser and a variety of processing routes more intense and different 
shades of the pigment can be obtained in these systems. The colour developed in these 
systems is due to a charge transfer mechanism.
The possible use of Y2BaCuOs as a green pigment in ceramics has also been reported in 
the literature 115.
2.11 CONCLUSION
The use of inorganic chemicals to produce colours for various applications is one of the 
oldest examples of applied chemistry and the requirements for different colours becomes 
increasingly demanding. For ceramic pigments for example, the products must be 
thermally stable to a very high temperature, chemically stable and meet the health and 
safety requirements, which are themselves becoming even more stringent.
Most of the pigments available in the market are based on transition metal ions. The 
increasing use of these materials has created environmental problems and most of the 
developed countries have started to pass laws that will limit or even forbid the use of some 
of them in the near future. The current literature survey shows that the development of the 
lanthanide series of oxides as colouring chromophores had not been fully exploited and 
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3 EXPERIMENTAL PROCEDURES
This chapter includes experimental materials i.e. raw materials and processing methods for 
the preparation of the pigments and experimental techniques i.e. various techniques that 
have been used for the characterisation of the pigment powders and coloured glazed tiles.
3.1 EXPERIMENTAL MATERIALS
3.1.1 OXIDES
Oxides of the various elements and their compounds listed below have been used for the 
production of pigments.
(1) Mainly monoclinic Z1O 2 (Baddelyite), Si0 2 , MgCOs, CaC0 3 , BaC0 3 , AI2O3 and Sn02
(2) Transition metal oxides
(3) Rare earth oxides (Table 3.1) were provided by TRETBACHER AUERMET, 
AUSTRIA
Rare earth oxide Purity Particle size (pm) 
dio dso d9o
Pr6On >99.9% 4.6 20.92 42.43
Er2C>3 >99.9% 3.54 9.45 18.42
Nd20 3 >99.9% 2.95 8.27 20.82
H02O3 >99.9% 1.66 4.95 10.92
S1112O3 >99.9% 2.15 6.42 16.63
D y 2C>3 >99.9% 1.67 4.95 10.54
Table 3.1 Purity and particle size of some of the rare earth oxides in the as received condition 
d (0.5) = 20.92pm means 50% of the particles are below 20.92p.rn 
d (0.1) = 4.6pm means 10% of the particles are below 4.6pm 
d (0.9) = 42.43pm means 90% of the particles are below 42.43pm 
3.1.2 GLAZES
Two types of glazes have been used in this research work to test the stability of the 
pigments. In most cases, a leadless transparent glaze was used. If a particular pigment was 
not stable in this glaze, it was then tested with a lead containing glaze. The glazes were
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provided by the Ferro Corporation, Stoke on Trent (England). The precise compositions of 
these glazes could not be supplied by the company for reasons of manufacturing 
confidentiality.
(1) Commercial leadless transparent glaze
Product No- DV7470/A 
Lxt 711 frit 900 
China clay 100
(2) Lead containing glaze (approximately 13.5% as Pb by weight)
Product No: DV6115/F 
Tr79 frit 382.5 
14062 frit 487.5 
Tr 214 frit 100 
China clay 30
3.1.3 TILES
Ceramic test tiles were also kindly provided by CERAM RESEARCH Ltd and Ferro 
Corporation, Stoke on Trent (England).
3.2 PREPARATION AND APPLICATION OF PIGMENTS
3.2.1 PROCESSING METHOD
Several processing methods exist for the preparation of pigments. In the present research 
work attempts have been made to synthesize different pigments using the traditional 
powder processing methods. Oxides, in varying amounts, have been homogeneously and 
ionically interdiffused to form a crystalline matrix of a chromophore agent, which is the 
base of the ceramic pigment.
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Raw powders were mixed according to the required composition prior to ball milling for 
one hour using a high-density polyethylene plastic bottle containing zirconia-grinding 
media and distilled water as the liquid suspension. The main purpose of the ball milling 
was to mix the powder homogeneously.
Subsequently the milled powders were dried using either an infrared lamp or an oven. A 
further grinding stage was performed using a pestle and mortar. Powders were then sieved 
through a 150-micron size sieve. The powders were placed in new, pure alumina/zirconia 
crucibles (sometimes covered with a lid depending on the samples) and subjected to 
calcinations at different temperatures and soaking times. A dedicated Carbolite muffle 
furnace was used for this purpose. Samples were furnace cooled and a ramp rate of 
(300°C/hour) was used.
Powders which gave colour after the various heat treatments were considered for further 
characterisation. Fired samples were obtained either in the powder form or as a partially 
sintered ceramic material. The calcined/sintered pigment powders were then ground for 
different periods of time using zirconia grinding media and water as the liquid suspension. 
The purpose of milling was to reduce the particle size to a predetermined level which is 
required for the ceramic applications.
3.2.2 BROGNIART’S FORMULA FOR DRY MATTER CONTENT OF THE GLAZE 
(IN Kg/LITRE)
A glaze can be obtained either dry or wet. However pigments are always mixed with wet 
glaze for ceramic applications. Calculation of the glaze dry weight is important as 
pigments are generally applied as a % weight of the dry glaze. It was therefore necessary to 
calculate the equivalent dry content of the material in a wet glaze. Equation 3.1, given 
below, was used to calculate the amount of dry material (W) present in a liquid. It should 
be noted that the equation relates to one litre of suspension. The specific gravity of the dry 
material must also be known.
SGW= (Slop density-density of the water) “  xlOOO Equation-3.1
100
Where
W = dry content (in grams) for one litre 
SG = specific gravity of dry material 
Density of water = 1
Slop density = Weight of 1 litre of the glaze slop/1000 in gms/litre
The specific gravity of clays and some glazes are given in the Table 3.2 below.
Material Specific gravity
Clays 2.5
Stoneware, porcelain, and all leadless glazes 2.6
Low-solubility glazes Varies from 3.0 to 4.0
Lead bisilicate frit 4.57
Lead sesquisilicate frit 5.0
Table 3.2 Specific gravity of some clays and glazes
3.2.3 APPLICATION OF THE PIGMENTS TO GLAZE
Stability of the pigments was tested in commercial transparent leadless and lead containing 
glazes. Glazes were coloured by adding 8 wt% of the pigments to the glaze. Mixing was 
achieved by milling the materials constituting the slip for half an hour in a high-density 
plastic container using zirconia/alumina grinding media. This treatment gave a 
homogeneous mixture of the pigment and glaze. The ground mixtures were then sieved 
through a 100pm mesh. A spray gun was used to apply the stained ceramic glazes to 
standard test tiles. The optimum results were achieved when the mass of glaze deposited 
was between 15-20gm/dm2 or 0.15-0.2gm/cm2 (1 decimeter = 10cm).
Firing was carried out in a Carbolite furnace using the conditions below (Figure 3.1).
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•  Step 1 - 100°C /hour to 120°C, soaking time 2 hours
•  Step 2 - 100°C /hour to 600°C soaking time 1 hours
•  Step 3 - 100°C /hour to 1070°C soaking time 2 hours
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Figure 3.1 Firing regime for the ceramic test tiles (after the slurry containing the pigment has been
sprayed onto the tile)
Figure 3.2 given below shows the typical appearance of a coloured glazed tile.
Reflecting surface 
of the tile




The technique of X-ray diffraction is often used to identify the crystalline phases in 
ceramic materials. This is done by comparing the position (in terms of diffraction angle 20 
and relative intensities) of the peaks in the spectrum obtained from the experimental 
material with standard data. In addition, it can also be used to measure the relative 
quantities of individual crystal phases present in the sample. XRD is therefore used for 
both qualitative and quantitative analysis l .
Knowledge of the crystalline state of matter was decidedly limited prior to the discovery 
by Laue and Braggs that X-rays could be applied to the analysis of the internal structure of 
crystals. X-ray diffraction patterns can be obtained for all compounds having a crystalline 
structure. The number and intensity of peaks present in a pattern depend on the crystal 
structure and complexity of the material.
Bragg’s law allows the positions of the peaks in an X-ray diffraction pattern to be used to 
calculate lattice spacing. This is possible as incident and diffracted X-rays are coherent at 
certain angles of diffraction where constructive interference occurs. Constructive 
interference occurs when the crest from one wave coincides with the crest from the other. 
Bragg’s law is given in equation-3.2
n^= 2d sin0 Equation-3.2
Where
X - Wavelength o f the x-rays 
0 -  Angle of diffraction
d -  Distance between the planes diffracting the X-rays, which is also called the d spacing 
n -  Integer
If two components are mixed to form a binary mixture, the resulting diffraction pattern will 
contain peaks from both the individual mixtures, thereby making identification possible.
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However when an unknown sample is analysed, its composition is first determined by 
identifying the phase(s) responsible for producing each peak.
It can be difficult to identify the peaks of certain compounds having similar crystal 
structures as peak overlap can occur. Identification of phases becomes more complex as 
the number of phases present increases in the sample.
A logical approach is necessary in order to identify the different phases in a multiphase 
sample. Initially a prediction is made of the compounds which the sample is likely to 
contain and this is then validated by comparing the test pattern with previously obtained 
data. Data for all relevant compounds (known as standards) are generally obtained from the 
Joint Committee for Powder Diffraction Standards (JCPDS) files 2. These files contain the 
basic crystallographic information, 2-theta and d spacing values, and the relative intensity 
for each of the diffracting planes of the compound.
XRD is widely used for the qualitative determination of various crystalline phases present 
in ceramic pigment powders. Samples for X-ray diffraction analysis were made by filling a 
standard aluminium holder with a glass slide containing a ground sample of the pigments. 
Powders were pressed with the holder to ensure that the sample surface was flat and level 
with the top surface of the holder. The sample holder was then positioned in the X-ray 
beam so as to obtain maximum exposure.
XRD analyses of the samples were performed on a Philips PW 1730/00 diffractometer 
using monochromatic CuKa radiation, X = 0.154060 nm. A generator voltage and current 
of 40kv and 25mA were used respectively. X-ray scans were made between 20 angles of 
10 and 80 degrees. A scan speed of 1.0 second per step and a step size of 0.02° were used.
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3.3.2 PARTICLE SIZE
Particle size characterisation is concerned with the determination of the dimensions of a 
particle. There are several techniques such as sedimentation, laser diffraction, microscopy, 
sieving and X-ray diffraction for the measurement of particle size. Each characterisation 
method measures a different property of a particle (maximum length, minimum length, 
volume, surface area etc.) and therefore gives a different result from other techniques. All 
the techniques are useful. The results on different samples can only be compared by using 
the same technique.
Different techniques give different means. For example:
(1) In an electron microscope, diameters are measured with a graticule, then summed and 
divided by the number of particles to give a mean. This is known as D [1,0], number- 
length mean.
(2) Image analysis measures the area of each particle and divides by the number of 
particles to generate the D [2,0], number-weight mean.
(3) Laser diffraction measures the volume of each particle and divides by the number of 
particles to create D [3,0], number volume mean. This notation is widely accepted to 
express Volume Mean Diameter (VMD) in industry but in academic circles it is denoted as 
D [4,3]
Hence,
D [4,3] is the mathematical expression for the sphere of equivalent volume of the particle, 
known as Volume Mean Diameter (VMD).
And,
D [3.2] is the mathematical expression for the sphere of equivalent surface area of the 
particle, known as Satur Mean Diameter (SMD).
Volume Median Diameter is defined as the value of the particle size which divides the 
population exactly into two equal halves i.e. there is 50% of the distribution above this 
value and 50% below.
Hence each technique generates a different mean/median diameter considering various 
properties of the particles. It is important to note that most particle size analysis makes the 
assumption of a spherical particle shape
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Throughout of this research work, the average particle size of the samples has been 
measured using a Malvern mastersizer X particle size analyser based on laser diffraction 
techniques. It generates the equivalent volume mean/median. In the Malvern analysis table
D [4,3] is the equivalent volume mean.
D [v, 0.5] is the volume median diameter, sometimes shown as D50 or D0.5.
D [3,2] is the equivalent surface area mean diameter.
Details of the different methods used to measure the particle size and a comparison 
between different methods has been reported elsewhere 3’4.
3.3.3 SPECTROPHOTOMETRY
3.3.3.1 INTRODUCTION
As already mentioned in the literature review, spectrophotometers are currently used for 
the accurate measurement of colour. In the present research work all colour measurements 
were carried out using a Spectra Flash SF600 PLUS spectrophotometer supplied by 
Datacolor. The SF600 series of spectrophotometers are regarded as the industry benchmark 
for consistent, high-resolution colour measurement.
Throughout this research work the colour measurements were carried out using a 
Spectraflash SF600 plus spectrophotometer, interfaced with a computer (Figure 3.3). It 







Figure 3.3 Spectraflash SF600 plus spectrophotometer interfaced with a computer
3.3.3.2 IMPORTANT TERMS ASSOCIATED WITH A SPECTROPHOTOMETER 
Light source
In most of the spectrophotometers either a tungsten filament bulb or a xenon flash bulb is 
used as light source. Tungsten filament bulbs bum continuously and generate a 
considerable amount of heat. Hence temperature and light sensitive samples should not be 
placed at the instrument port until immediately prior to measurement of the sample. 
Extensive exposure of some samples to the heat and light from the tungsten filament bulb 
will cause a dramatic change in the colour of the sample.
However, xenon flash bulbs do not generate heat. In this case there is no apprehension for 
the sample heating as previously mentioned. But these bulbs are very rich in ultraviolet 
energy. This ultraviolet energy will excite any fluorescing chemicals or dyes present in the 
sample and will lead to incorrect match predictions. Hence filters are normally used to 
minimize the effect of ultraviolet energy for shade matching or to calibrate the amount of 
UV energy for accurate whiteness measurement.
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Geometry
The term “geometry” refers to the position of a sample relative to the light source and 
measuring lens in a spectrophotometer. Diffuse/8 and 45/0 are the most common 
geometries found in most spectrophotometers.
o
In the 45/0 spectrophotometer, the light source illuminates the sample at an of angle 45 
with a lens placed at 0° to measure the amount of light reflected from the sample surface 








Figure 3.4 45/0 Spectrophotometer
In a diffuse/8 spectrophotometer, the sample is illuminated by the use of an integrating 
sphere as shown in Figure 3.5. In this case light that enters the sphere from the light source 
is reflected from the coated interior surface of the sphere and strikes the samples from all 
angles. The reflected light is then measured at an angle of eight degrees relative to a 
perpendicular line drawn from the sample. This type of spectrophotometer tends to 
minimize the influence of surface irregularities on the light reflected from the sample 
allowing measurement of the reflectance due to colour difference rather than surface 
variations.
A collimated beam from the xenon light source (after passing through a filter in order to 
remove the UV components) passes through a sphere and illuminates the test sample 
(Figure 3.5). When the light enters the sphere, light is reflected from the wall of the sphere 
and falls on the sample from different angle. The amount of light shining onto the sample 
is detected by the analyser 1. The reflected light from the sample is collected by the white
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interior walls of the sphere. Owing to the geometry of a sphere, a window in the sphere 
wall occupied by the measuring detector or analyser is illuminated to the same extent by a 
given amount of light reflected from the test sample, regardless of the direction in which 
the light is reflected. Such an arrangement is called an integrating sphere.
Specular gloss
Many materials used as standards for shade matching appear glossy when viewed from a 
particular angle. When these types of materials are measured for new shade formulation, it 
is important to exclude the glossy reflectance from the sample measurement. The glossy 
reflectance, also known as specular gloss (Figure 3.4), is automatically removed when a 
45/0 instrument is used. In the case of a diffuse/8 instrument, it can be removed by the use 
of a specular gloss port that is located at an eight-degree angle opposite to the lens port. 
Hence the specular gloss can be included when two identical materials are compared but 
may be excluded when comparing two materials with significant gloss levels.
Viewing area
Spectrometers are generally equipped with a range of aperture sizes to allow measurement 
of both small and large samples. It is always preferable to use the largest aperture size 
possible to minimize the influence of non-uniform dyeing.
3.3.33 FUNCTION OF SPECTRAFLASH SF600PLUS SPECTROPHOTOMETER
The spectrometer is the most important element of any spectrophotometer. It separates 
incoming light into wavelength bands and it measures the amount of light present in each 
case. A spectrometer typically consists of the following components:
•  Optics, incoming light, from sample and/or reference beams.
•  Diffraction grating, separates light by wavelength, and focuses the dispersed light 
on a fixed array of photodetectors.
•  Photodetectors which sense the amount of light, and output electrical currents.
•  Amplifiers and analogue to digital data processing, converts the output current to
digital information for analysis by the computer interfaced with the spectrophotometer.
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Most of the materials encountered during colour measurements have rough surfaces in 
comparison with the wavelength of light because of optical in-homogeneities within them. 
They scatter reflected light in all directions. Such materials are said to be diffusing. The 
diffuse reflectance spectrum can be measured with the concept of an integrating sphere.
Since this spectrophotometer uses a diffuse/8 integrating sphere, hence, the amount of light 
reflected at an angle of eight degrees relative to a perpendicular line drawn from the 
sample is detected by the analyser 2 as shown in the Figure 3.5.
The Diffuse/8 Integrating Sphere
ANALYSER2
B aS04 COATING (INSIDE)
SPECULA
ANALYSER1 Xenon light
66 mm Diameter integrating 
sphere . Sample
Light reflected from the sphere wall
Figure 3.5 Diffuse/8 Integrating Sphere Spectrophotometer
The light from the sample (measured by analyser2) and reference beam (measured by 
analyser 1) passes through a diffraction grating. The diffraction grating separates the light 
according to its wavelength and focuses the beam onto a fixed array of photodetectors as 
shown in the Figure 3.6. The photodetectors detect the amount of light and output a 
proportional electrical signal to the interfaced computer for software interpretation.
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Diffraction Grating
Light from ReferenceLight from Sample




F ig u r e  3 .6  S e p a r a t io n  a n d  f o c u s s i n g  o f  l ig h t  o n t o  a  f i x e d  a r r a y  o f  p h o t o d e t e c t o r s  b y  a  
d i f f r a c t io n  g r a t in g . P h o t o d e t e c t o r s  s e n s e  t h e  a m o u n t  o f  l ig h t  a n d  o u tp u t  t h e  e l e c t r i c a l  s ig n a l  f o r
s o f t w a r e  in te r p r e ta t io n .
3 .3 .3 .4  M E A S U R E M E N T  O F  T H E  S A M P L E S
The spectraflash SF600 plus is interfaced with a computer (Figure 3.3). Measurements are 
taken using the dedicated colour tools software.
Prior to measurement, the instrument is calibrated against a black strip and then with a 
factory white tile. After the completion of calibration, either specular gloss or aperture
settings (LAV, SAV, USAV, MAV and XLAV)+ are used depending on the 
measurements. Colour measurements can be obtained from pigment powders or tiles.
+ (LA V, SA V, USA V, MA V and XLA V represent Large, small, ultra small, medium and very large 
area view respectively)
1 1 1
In order to take he colour measurements of the pigment powder, the powder must be 
placed in a sample holder (Figure 3.7) and pressed firmly in order to ensure uniformity and 
removal of large gaps, which could influence the readings. The sample is then placed 
between the sample arm and the front panel door (Figure 3.3) with the reflecting surface 
facing towards the light source. A number of measurements were taken for each sample at 
different points or the reflecting surface to obtain a mean value.
Similar measurements were taken on the reflecting surface of the fired tiles coated with 
pigment / glaze.
Ribbed surface 





F ig u r e  3 .7  E x a m p le  o f  c o lo u r  m e a s u r e m e n t  o n  p ig m e n t  p o w d e r  s a m p le
3 .3 .3 .5  H O W  A R E  T H E  R E S U L T S  O B T A I N E D ?
Firstly the diffuse reflectance spectrum of the sample can be obtained using the 
spectrophotometer. The use of the x, y ,  and z  colour matching functions (Colour 
matching functions, CMFs provide the absolute energy values of three primaries, red, 
green and blue which appear the same as each spectrum colour) of the standard observer
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allow the spectral graph to be converted into three numbers X, Y and Z, known as 
tristimulus values, leading to identification of the colour of an object or a light source using 
three numerical values. This is achieved by the using the equations below.
700
X = £  E (X) R (X) X , (X) A(X) Equation-3.3
400
700
Y = £  E(X)R(X)  y,  (X)A(X) Equation-3.4
400
700
Z = £  E (X) R (X) z, (X) A(X) Equation-3.5
400
Where S(A) = E ( A ) x R ( A )
S(A) = Colour stimulus coming from a coloured object 
E(A) = Energy of the source which is illuminating the object
(The illumination of an object can be obtained from a variety of light sources, and one or 
more light emission. The main illuminants standardized by the International Lighting 
Commission are A and D65.)
R(/1) = percentage reflectance of the object 
R = reflectance factor of the object
(Reflectance factor: The ratio of the flux reflected from the specimen to the flux reflected 
from the perfect reflecting diffuser under the same geometric and spectral conditions of 
measurement)
jc, y  and z  = Colour matching function of the standard observer.
According to the phenomenon of trichromacy, any colour stimulus can be matched by a 
mixture of three primary stimuli, so long as none of the three can be matched by a mixture 
of the other two. Colour matching can be expressed as:
C = R R + G G + B B
113
Where colour stimulus C is matched by R  units of primary stimulus R mixed with G  units 
of primary stimulus G and B units of primary stimulus B."
Colour matches follow the rules of linearity and additivity and are governed by
Grassmann’s law, which states that if two colour stimuli
Cj = Rj  R + G j G  + Bj  B 
C2 = R2 R + G2G  + Z?2 B
are mixed, the resulting stimulus will be
Ci+ C2 = (Rj + R2) R + (Gj + G 2 ) G +(Bj  + Z?2 ) B
The consequence of Grassmann’s law is that if the tristimulus values of every 
monochromatic stimulus of unit radiance are known, the tristimulus values of any other 
stimulus can be calculated by integration. Thus, if the tristimulus values of all 
monochromatic stimuli are denoted as r{A)  g{A)  b{X)  per unit radiance, then the 
tristimulus values of a stimulus having a spectral radiant distribution of S(A)  are
700
R =  \ s ( X ) r { X ) d A
400
700
G =  \ s ( X ) g ( X ) d A
400
700
B =  f S(A)b(A)dA
400
The set of three functions r(A)  g(sI) b (A) derived here has been used by the Commission 
International de L'Eclairage (CIE) in 1931 as the basis of an international standard. These 
three functions are known as colour matching functions.
T r i c h r o m a c y  o f  c o l o u r  s e n s a t i o n  m e a n s  t h a t  m a n y  s p e c t r a l  d i s t r i b u t i o n s  c a n  p r o d u c e  t h e  s a m e  
p e r c e i v e d  c o l o u r .
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A(^) = Wavelength step chosen for the whole of the visible spectrum, from 400 to 700 nm.
Using the CIELAB equations (equations 3.6 to 3.10), these X, Y and Z values give the 
value of different colour coordinates L*, a*, b*, C, and h and also gives the total colour 
difference between two samples when compared. The equations for CIELAB colour space 
are given below.
L* = 116(Y/Yn)1/3 -  16 
a* = 500[(X/X„)I/3 -  (Y/Y„)1/3] 
b* = 200[(Y/Yn)1/3 -  (Z/Zn)1'3]
C*ab = (a*2 + b*2)1/2 
hab = tan'l(b*/a*)
Where
Xn, Yn and Zn are the tristimulus values of the reference white.
When X/Xn, Y/Yn and Z/Zn are less than 0.01, these equations become
L* = 116[f(Y/Yn)-16/l 16] Equation-3.11
a* = 500[f(X/Xn)-f(Y/Yn)] Equation-3.12
b* = 500[f(Y/Yn)-f(Z/Zn)] Equation-3.13
Where
f(Y/Y„) = (Y/Y„)1/3 for Y/Y„ > 0.008856 
and
f(Y/Yn) = 7.787(Y/Yn)+16/116 for Y/Yn < 0.008856
The functions f(X/Xn) and f(Z/Zn) can be defined in a similar way.
All the colours are considered to be uniformly distributed in a three dimensional space 







represented by a reflectance curve which in turn can be characterised by colour co­
ordinates L*, a*, and b*
Where
L* - Lightness axis, for white L* = 100 and 0 for black
a* - Red-Green axis, positive means red and negative means green
b* - Yellow-Blue axis, positive means yellow and negative means blue
Figure 3.8 5 CIE chromaticity diagram 
3.3.4 SCANNING ELECTRON MICROSCOPY (SEM)
The scanning electron microscope allows the study of the fracture surfaces, morphology
*7 8and composition of biological and physical materials ' . By scanning an electron probe 
across a specimen, high-resolution images of the morphology of a specimen with great 
depth of field, at very low or very high magnifications can be obtained. The range of 
magnification of the SEM lies typically in the range of 10 to lOOOOOx.
There are many advantages to using the SEM instead of an optical microscope. In optical 
microscopy, a specimen is viewed through a series of lenses that magnify the visible light 
image. However, the scanning electron microscope does not actually view a true image of 
the specimen, but rather produces an electronic map of the specimen that is displayed on a 
cathode ray tube.
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The great difference between SEM and optical microscope (OM) is that in OM the beam 
carrying the information from the surface is reflected or emitted from the very surface of 
the sample, whereas in SEM the electron beam penetrates into the sample a short distance, 
causing interesting phenomena, that yields additional information from the material 
interacting with the beam. The SEM has a large depth of field, which allows a large area of 
the sample to be in focus at one time. Preparation of the samples is also relatively easy 
since most SEMs only require the sample surface to be conductive, to avoid charge 
induced effects.
The combination of higher magnification, large depth of focus, greater resolution, and ease 
of sample observation makes the SEM one of the most widely used instruments in research 
areas today.
Imaging through emission of secondary electrons (SEI) is the most commonly used 
imaging mode available on SEMs. The secondary electrons are collected to produce 
topographical scan images with the highest possible resolution and depth of field. 
Sometimes imaging by back-scattered electrons is carried out with secondary mode and 
these images display a compositional (atomic number dependant) contrast. In order to 
observe a purely compositional contrast, unaltered by topographic effects, the specimen 
surfaces need to be flat. Features that do not have contrast due to surface relief effects are 
more easily observed by back scattering.
Another advantage of the SEM is that the electron beam interacting with the material or 
specimen generates X-rays characteristic of the different elements present. These X-rays 
can be detected by an additional detector/spectrometer attached to the SEM. The X-ray 
spectrometer attachment to the SEM was of the energy dispersive type (EDX or EDS). A 
Silicon-Lithium (Si-Li) semiconductor detector is the principal component of this 
spectrometer. It produces spectra, which are plots of X-rays counts versus X-ray energy. 
Concentrations of each element in the specimen can be determined by analysis of the 
relative intensities of the spectral peaks. It can also be used to generate X-ray maps of the 
chemical distribution.
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Scanning electron microscopy in combination with energy dispersive X-ray analysis was 
used in this study. The SEM used was a JEOL JSM-6310 analytical scanning electron 
microscope fitted with a 10/85-link microanalysis system manufactured by Oxford 
Instrument.
3.3.4.1 EXAMINATION PROCEDURE
Gold coating of the powder samples was carried out using a sputter coater (Model: S150B, 
Edwards High Vacuum Limited, England). The specimen was then inserted into the SEM. 
Photographs of the microstructure were taken at various magnifications on different areas 
of the specimen. In order to make comparison easier, all photographs were taken at similar 
magnifications. Most of the images in this research work have been obtained using the 
secondary electron mode. Use of the smallest spot size at high magnifications was 
desirable in order to have a clear picture of the samples.
3.3.5 TRANSMISSION ELECTRON MICROSCOPY
The transmission electron microscope (TEM) allows the user to reveal the finest details of 
the internal structure of materials. The materials for TEM analysis must be prepared to the 
required thickness, which allow electrons to be transmitted through the sample to obtain 
the necessary information. Magnifications of 350,000 can be routinely obtained for many 
materials, whilst in special circumstances atoms can be imaged at magnifications greater 
than 15 million times. TEMs are often employed when it is necessary to determine the full 
morphological, crystallographic and microanalytical information available from the 
specimens 9’ 10.
The transmitted electrons are generally caused to focus on a fluorescent screen either as a 
diffraction pattern of the specimen or as one of the several different types of images, 
depending on which electron beams are allowed to pass through the aperture in the back 
focal plane of the objective lens. A bright field image (BF) is obtained when the aperture is 
centred on the transmitted (undiffracted beam). In this type of image, any crystalline parts 
of the specimen appear dark on a bright background and are darker when the orientation 
gets close to a prominent zone axis.
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When the aperture is centred on a given diffracted beam, a dark field image (DF) is 
obtained due to the contribution of the diffracted electrons. In a dark field image any 
crystalline parts of the specimen appear bright on a dark background. In a dark field image 
of a polycrystalline material, only the crystals corresponding to the selected reflection 
appear bright and the crystalline particle appears brighter when its orientation gets closer to 
a prominent zone axis. The diffraction pattern and associated bright and dark field images 
can be viewed directly on a fluorescent screen, or recorded on photographic film.
In order to obtain the crystallographic information, it is sometimes useful to examine and 
record the diffraction pattern from a selected area of the specimen. This can be done in two 
different ways. The first technique is called selected area diffraction (SAD) where an area 
of the specimen (usually circular) is selected, although a larger area is actually being 
illuminated. This can be achieved by inserting an aperture in the plane either of the 
specimen itself or the first image produced by the objective lens. The aperture used in this 
case is known as the selected area aperture. The second technique condenses the beam into 
a small spot so that the diffraction pattern is derived from the whole of the (small) 
illuminated area.
TEM studies were performed on the powder sample to investigate lattice defects and the 
nature of the grain boundaries, using a JEOL200 kV analytical electron microscope.
3.3.6 ELECTRON PROBE MICROANALYSIS (EPMA)
The electron probe microanalyser (EPMA) is an electron beam instrument with an electron 
column design optimised for the production of accurate quantitative chemical analysis 6’ 7’ 
11. This is achieved by analysing the characteristic X-rays emitted from the sample material 
as a consequence of electron beam bombardment using wavelength X-ray spectrometers 
(WDX or EDX). WDX, known as wavelength diffraction X-ray spectroscopy is considered 
to be at the heart of EPMA and is much more sensitive to low elemental concentrations as 
compared to EDX.
EPMA is a non-destructive technique, but all the specimens intended for microprobe 
analysis must have a well-polished surface and be free from relief, since the intensity of 
any detected X-rays are partially dependants on specimen surface topography. Conductive
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coatings must be applied to insulating samples to prevent charging of the surface and the 
consequent distortion and deflection of the electron beam. The most commonly used 
coating material is carbon since it scatters electrons weakly and is almost transparent to 
most X-rays and electrons. A JEOL JXA-8600 superprobe electron probe microanalyser 
was used for this study.
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4 RESULTS AND DISCUSSION: INCORPORATION OF 
THE DIFFERENT RARE EARTH OXIDES INTO 
VARIOUS MINERAL STRUCTURES
4.1 COLOURS PRODUCED BY RARE EARTH OXIDES
The main objective set out initially for this project was to develop environmentally friendly 
potential pigments by the incorporation of rare earth oxides into several known mineral 
structures which are stable at high temperatures. Several host lattices were selected as 
being of use as they are known to give stable ceramic pigments with the transition metal 
oxides. They can be made from commercially available materials and require no extra 
processing other than that used in conventional ceramic pigment production.
Several defined host structures such as zircon, sphene, spinel, garnet, alumina etc. doped 
with rare earth oxides were used. Praseodymium and terbium oxide produced yellow 
coloration in a zircon host lattice whereas addition of cerium oxide to praseodymium oxide 
in the same host lattice produced an orange yellow coloration. Remaining rare earth oxides 
produced off white colours and sometimes a very pale colour when incorporated into 
various host lattices. The colours obtained by the addition of rare earth oxides into 
different host lattices are summarised in the Table 4.1.
The samples, which produced coloration after various heat treatments, were considered for 
further characterisations. Reasons why other rare earth oxides did not give colour have also 
been established.
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HOST LATTICE RARE EARTH ADDED
FIRING
TEMPERATURES COLOUR OBTAINED
PreOn Yellow colour at 1000°C, 1100°C, 1200°C
C e0 2 Off white colour
Tb407 Yellow colour froml 100°C-1450°C
Zircon (ZrS i04) Ho20 3 900°C to 1450°C Off white colour
Er20 3 Very pale pink at 1200°C
Dy20 3 Off white colour
Nd20 3 Off white colour
Sm20 3 Off white colour
PreOn + C e0 2 (50:50)
Orange yellow colour at 1000°C, 1100°C, 
1200°C
Pr6On + C e0 2 (60:40)
Orange yellow colour at 1000°C, 1100°C, 
1200°C
PreOn + C e0 2 (70:30)










PreOn Off white colour
C e0 2 Off white colour
Tb40 7 Off white colour
Sphene (CaSnSi05) Ho20 3 900°C to 1200°C Off white colour
Er20 3 Very pale pink at 1200°C
Dy20 3 Off white colour
Nd20 3 Off white colour
Sm20 3 Off white colour
P^On Off white colour
C e0 2 Off white colour
Tb40 7 Off white colour
Alumina (AI2 O3) Ho20 3 900°C to 1200°C Off white colour
Er20 3 Very pale pink at 1150°C, 1200°C
Dy20 3 Off white colour
Nd20 3 Off white colour









Table 4.1 Colour obtained by the incorporation of various rare earth oxides into different host
lattices
1 2 2
4.2 PRASEODYMIUM-ZIRCON YELLOW PIGMENT
4.2.1 INTRODUCTION
Zirconium Praseodymium Yellow belongs to the zircon pigment family system. Ceramic 
pigments or stains based on zircon are commonly used in industry for glazes, owing to 
their high chemical durability, which gives the pigments superior resistance towards 
dissolution during firing. In this research work, attempts have been made to calculate the 
amount of un-reacted zirconia present in the sample as well as to characterise the 
microstructure of the pigment powder at different calcination temperatures.
4.2.2 SAMPLE PREPARATION
The chemical composition of the prepared samples are given in the Table 4.2. Precursors 
used were Z1O 2, Si02 and P ^O n. NaF was used as a mineraliser. The samples of Pr- 
Zircon, after heat treatment at a series of temperature 900°C, 950°C, 1000°C, 1100°C and 









ZSPR X = 0.05 NaF 5 900°C
ZSPR1 X = 0.05 NaF 5 950°C
ZSPR2 X = 0.05 NaF 5 1000°C
ZSPR3 X = 0.05 NaF 5 1100°C
ZSPR4 X = 0.05 NaF 5 1200°C
ZSPR5 X = 0.05 NaF 5 1050°C
Table 4.2 Composition and flux agent for the samples
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4.2.3 RESULTS
4.2.3.1 X RAY DIFFRACTION
The samples (compositions) which produced coloration after various heat treatment, were 
examined by XRD using a Philips Powder diffractometer with Ni filtered Cu K a  radiation. 
The XRD traces of the samples are given below in Figures 4.1 to 4.5 and peaks are labelled 
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Figure 4.5 X-ray diffraction pattern of the pigment powder ZSPR4 (1200°C)
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Analysis
XRD patterns of samples in Figures 4.1 and 4.2 were identical. In this case the powders 
were found to consist of zircon and a large amount of un-reacted zirconia. The XRD traces 
of the samples shown in the Figures 4.3, 4.4 and 4.5 were also similar and the samples in 
this case were found to consist of zircon although traces of zirconia were also present. 
Absence of the peaks of praseodymium oxide confirms that it has gone into solid solution.
Formula to calculate the weight fraction of un-reacted Zr( > 2  in the mixture
An external standard method was used to calculate the weight fraction of un-reacted Z1O 2 
in the total mixture. The formula to calculate the weight fraction is given in equation-4.1 
below.
Where
Ia = Intensity of the Z1O 2 peak in the mixture,
Iap = Intensity of the pure ZrC>2 peak,
wa = Weight fraction of the un-reacted ZrC>2 to be calculated,
Pa/pa = Mass absorption coefficient of ZrC>2,
M-p/pp = Mass absorption coefficient of ZrSi04)
pa and pp = Linear absorption coefficient of ZrC>2 and ZrSi04 respectively, 
pa and pp = Density of ZrC>2 and ZrSi04 respectively.
N o t e :  E q u a t i o n  4 . 1  w a s  o b t a i n e d  f r o m  t h e  “ E l e m e n t s  o f  X - r a y  D i f f r a c t i o n  ” b y  B .  D .  C u l l i t y ,  




Calculation of the mass absorption coefficient of Zr( > 2  (pi) and ZrSi( > 4  (1H2) for Cu Ka 
Mass absorption coefficients for Z1O 2 and ZrSiC>4 can be calculated using equation-4.2 
given below.
p= n/V c£(pa)i Equation-4.2
Where
n = Number of molecules in the unit cell of the compound, 
Vc = Volume of the unit cell.
N
Where
(|L i/p)i = mass absorption coefficient of the individual element using Cu K a  radiation,
A = atomic number of the element,
N = Avogadro’s number = 6.023xl023.
(a) M ass absorption  coeffic ien t o f  ZrO 2 (jUi)
Mass absorption coefficient of Zr using Cu Ka = 143.
Mass absorption coefficient of O using Cu Ka = 11.5.
Atomic number of Zr = 40.
Atomic number of O = 8.
Hence using equation-4.2, mass absorption coefficient of ZrC>2 (pi) can be calculated as 
shown below.
n .8 x 1 1 .5 x 2  40x143— ( + -----------
Vr N  N
) Equation-4.3
Volume of the unit cell of Z1O 2, Vc = 142.541xl0'24 m'3. 
Number of molecules in the unit cell, n = 4.
Substituting these values in equation-4.3, the value of the mass absorption coefficient of 
ZrC>2 (|Xi) was found to be 275.070.
Hi = 2 /5
(b) M ass absorption coeffic ien t o f  ZrSiO 4 (fa)
Mass absorption coefficient of Si using Cu Ka = 60.6.
Atomic number of Si = 14.
Mass absorption coefficient and atomic number of Zr and O is reported above.
Hence using equation-4.2 mass absorption coefficient of ZrSi04 (JH2) can be calculated as 
shown below.
n .40x143 4 x 8 x 1 1 .5  14x60.6 , ^  „—  = (-----------+ --------------- +  ) Equation-4.4
V c  N  N  N
Volume of the unit cell of Z rS i04, Vc = 260.761xl0'24 m’3.
Number of molecules in the unit cell, n = 4.
Substituting these values in the above equation, the value of the mass absorption 
coefficient of ZrSi04 (H2) was found to be 176.660.
ii2 = 176.6
N o t e :  T h e  v a l u e s  o f  t h e  m a s s  a b s o r p t i o n  c o e f f i c i e n t  o f  t h e  i n d i v i d u a l  e l e m e n t s  u s e d  i n  t h e  a b o v e  
e q u a t i o n  t o  c a l c u l a t e  t h e  m a s s  a b s o r p t i o n  c o e f f i c i e n t  o f  t h e  c o m p o u n d  w e r e  o b t a i n e d  f r o m  t h e  
“ I n t e r n a t i o n a l  T a b l e s  f o r  X - r a y  C r y s t a l l o g r a p h y ”  p u b l i s h e d  f o r  T h e  I n t e r n a t i o n a l  U n i o n  o f  
C r y s t a l l o g r a p h y  b y  t h e  K y n o c h  P r e s s ,  B i r m i n g h a m ,  E n g l a n d  ( 1 9 6 2 ) ,  P a g e  1 6 2 .
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Calculation of the weight fraction of un-reacted zirconia
(a) Zr(i_X)PrxSi04  (x = 0.05), calcined at 1000°C
From the Figure 4.3, the high intensity peak of zirconia is Z (-111).
Ia —» Intensity of the ZrC>2 peak in the mixture = 266 (obtained from the raw scan)
Iap —> Intensity of pure Z1O 2 peak = 3147 (obtained from the raw scan)
Using equation-4.1
266 _ wa x 275 
3147 “  (wa x 98.41) + 176.6
266x176.6=> w  = -------------------------------------
a (3147 x 275) -  (266 x 98.41)
= $ w a = 0.0559
Hence the weight fraction of the un-reacted zirconia present in the sample after calcination 
at 1000°C was found to be 0.056. The weight fraction of the un-reacted zirconia at 1100°C 
and 1200°C will be nearly equal to 0.056, as the x-ray diffraction patterns obtained were 
very similar, as mentioned above.
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4.2.3.2 MEASUREMENT OF SURFACE MORPHOLOGY AND APPEARANCE
USING SEM
The structure of the Pr-Zircon samples was examined using a T-6310 scanning electron 
microscope. The SEM images of the samples at different temperature are given in the 
Figure 4.6.
Figure 4.6 SEM image of the Pr-zircon crystal after different calcination temperatures 
Analysis
The SEM images at different calcination temperatures indicated the growth of tetrahedral 
shaped crystals which is enhanced by the addition of mineraliser. At 1000°C two-size 
ranges of the crystal were evident whereas at a temperature of 1100°C the crystals were of 
uniform size. At a temperature of 1200°C distinct growth of the crystals was evident. Un- 
reacted zirconia was also observed in the micrographs, which was in good agreement with
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the results obtained from XRD, where the peaks due to Z1O 2 indicated an un-reacted 
amount of 0.056 (weight fraction).
4.2.3.3 INVESTIGATION OF THE NATURE OF GRAIN BOUNDARIES AND
LATTICE DEFECTS USING TEM
Further examination of the powder was carried out using a JEOL2010 TEM to investigate 
the lattice defects and nature of the grain boundaries and any internal defect structures.
c
Figure 4.7 Dark (A) and bright (B) field image of the Pr - zircon sample together with the 
diffraction pattern with indexing (C) after calcination at 1000°C 
(Tilt angle + 25.5°and magnification 30,000 x)
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Figure 4.8 TEM image of the Pr-zircon crystals together with the diffraction pattern with indexing
after calcination at 1100°C 













Figure 4.9 TEM image of the Pr-zircon crystals together with the diffraction pattern with indexing
after calcination at 1200°C 
Tilt angle is +12.1° and magnification at 30,000 x
Analysis
TEM photographs of the sample after different heat treatment temperature are shown in
Figures 4.7 to 4.9. The lines and loops in the crystal were caused by dislocations generated 
by the milling process and subsequently modified by the calcination.
From the TEM photographs of the crystals at different temperatures it was seen that at 
1000°C and 1100°C there were numerous dislocations and extensive elastic strain, whereas
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at 1200°C the crystal is almost free of the dislocations and elastic strain. Indexing of the 
diffraction pattern at each temperature shows the same type of crystal (means the crystal 
structure is tetragonal) but with different orientation.
4.23.4  PARTICLE SIZE MEASUREMENT
The particle sizes of the sample obtained at 1050°C was measured by using a Malvern 
particle size analyser (mastersizer X) based on laser diffraction technique. The particle 
sizes of the sample after grinding for 1 hour are given in the Table 4.3 below.
Sample name Particle sizes (pm) 
d (0.5) d (0.1) d (0.9)
ZSPR5 6.58 1.71 13.20
Table 4.3 Particle sizes of the sample obtained after grinding for 1 hour
d (0.5) = 6.58pm means 50% of the particles are below 6.58pm 
d (0.1) = 1.71pm means 10% of the particles are below 1.71pm 
d (0.9) = 13.20pm means 90% of the particles are below 13.20pm
4.2.3.5 COLOUR MEASUREMENT
Stability of the pigment powder (obtained at 1050°C and grinding for 1 hour) was tested in
a commercial unleaded transparent glaze. The colour measurements on the pigment
powder and pigment in the glaze are given in the Table 4.4 below.
Symbol Pigment powder 
L* a* b*
Pigment in glaze 
L* a* b*
ZSPR5 90.91 -1.12 52.97 84.48 0.25 72.20



















Figure 4.10 Graphical representation of the variation of the a* and b* values in powder and in the
glaze
Analysis
Both in the pigment powder and the pigment in the glaze, the a* value is very small 
compared to b* which was expected for a perfect yellow colour (Table 4.4 and Figure 
4.10). The b* value was higher when the pigment was put in the glaze which was due to 
the observation that the un-reacted zirconia present in the pigment powder reacted with 
silica in the glaze to give a more intense coloration.
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4.3 PRASEODYMIUM+CERIUM-ZIRCON YELLOW PIGMENT
This experiment was carried out to investigate the influence of the cerium oxide on the 
colour hue of the praseodymium-zircon yellow pigment.
4.3.1 SAMPLE PREPARATION
The compositions of the prepared samples are given in Table 4.5. Precursors used were 
Zr02, Si02, Pr60n and Ce02. NaF was used as a mineraliser. An orange yellow colour 


















A X = 0.05 50:50 NaF 1000°C 2
2A X = 0.05 50:50 NaF 1100°C 2
3A X = 0.05 50:50 NaF 1200°C 2
4A X = 0.05 60:40 NaF 1000°C 2
5A X = 0.05 60:40 NaF 1100°C 2
6A X = 0.05 70:30 NaF 1000°C 2
7A X = 0.05 70:30 NaF 1100°C 2




Reflectance measurements were carried out on the pigment powder samples in order to 





A (1000°C, 50:50) 84.17 11.02 53.66
2A (1100°C, 50:50) 82.92 10.67 57.06
3A (1200°C, 50:50) 82.88 3.48 48.90
4A (1000°C, 60:40) 82.63 11.08 52.65
5A (1100°C, 60:40) 82.60 11.16 52.61
6A (1000°C, 70:30) 82.80 12.40 53.50
7A (1100°C, 70:30) 84.23 10.47 48.19
Table 4.6 L* a* b* parameters of the pigment powders at various calcination temperatures and
different ratios of Pr/Ce
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Diffuse reflectance spectra of the samples at different
















Figure 4.11 Diffuse reflectance spectra of the samples at various temperatures
(Pr/Ce = 50:50)
Diffuse reflectance spectra of the samples at different 
temperatures (Pr60 11/Ce02= 60/40)
 4 A
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450 500 550 600 650 700
Wavelength (nm)
Figure 4.12 Diffuse reflectance spectra of the samples at various temperatures
(Pr/Ce = 60:40)
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Diffuse reflectance spectra of the samples at different
temperatures (Pr60 11/Ce02= 70/30)




Figure 4.13 Diffuse reflectance spectra of the samples at various temperatures
(Pr/Ce = 70:30)
Diffuse reflectance spectra of the samples at the 
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Figures 4.11 to 4.14 represent the diffuse reflectance spectra of the samples at different 
Pr/Ce ratio and various calcination temperatures. From these curves it could be deduced 
that the intensity of the colour was a maximum at 1100°C. Comparing the reflectance 
curves of the samples at the same temperature (1100°C) with different ratios of Pr/Ce as 
shown in Figure 4.14, it could be seen that the intensity was almost the same. Since the 
reflectance curves take all the parameters (L*, a* and b*) into consideration, again 
comparing only a* and b* values Table 4.6, it was concluded that the most intense colour 
could be obtained when Pr/Ce = 50:50 after calcination at 1100°C.
4.3.2.2 X-RAY DIFFRACTION
The pigment powder obtained after calcination at 1100°C (Pr/Ce = 50:50) was subjected to 
X-ray diffraction in order to determine the different phases present.
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Figure 4.15 Typical X-ray diffraction pattern of the pigment powder obtained after calcinations at
1100°C (Pr/Ce = 50:50)
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Analysis
From the X-ray diffraction pattern (Figure 4.15), the major phase in the sample was found 
be zircon although small amount of un-reacted zirconia were still present, the amount of 
this phase was estimated to be 0.092 (weight fraction) according to the calculation below.
Calculation of the weight fraction of un-reacted ZrC>2
The high intensity peak of zirconia in the Figure 4.15 is Z (-111).
Ia —> Intensity of the ZrC>2 peak in the mixture = 428 (raw scan)
Iap —» Intensity of pure Z r0 2 peak = 3147 (raw scan)
Using equation-4.1
428 _ wg x275 
3147 “  (wa x  98.41) + 176.6




4.3 .2 .3 S C A N N IN G  ELEC TR O N  M ICROSCOPY
The structure and morphology o f the sample obtained after calcination at 1100°C and 
(Pr/Ce = 50:50) was examined using SEM.
reacted zirconia
Figure 4.16 SEM micrograph of sample 2A obtained after calcination at 1100°C
(Pr/Ce = 50:50)
Analysis
The SEM micrograph of the sample (Figure 4.16) revealed the growth of tetrahedral 
crystals enhanced by the addition of the sodium fluoride as a mineraliser. From the 
micrograph, the presence o f un-reacted zirconia was also evident which was in good 
agreement with the results obtained from XRD.
4.3.2.4 PARTICLE SIZE
The particle sizes of the pigment powder obtained after calcination at 1100°C 
(Pr/Ce = 50:50) after grinding for 1 hour are given in the Table 4.7 below.
Sample name Particle sizes (pm) 
d (0.5) d (0.1) d (0.9)
2A 16.16 5.74 38.98
Table 4.7 Particle sizes of the sample 2A after grinding for 1 hour
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4.3.2.5 APPLICATION IN GLAZE
Colour measurement was carried out on the pigment powder and pigment in the glaze 
using a spectrophotometer. The results are given in the Table 4.8 below.
Symbol Pigment powder 
L* a* b*
Pigment in glaze 
L* a* b*
(Pr/Ce) = 50:50, 1100°C 82.92 10.67 57.06 81.49 5.91 69.98
Table 4.8 L* a* b* parameters of the pigment powder and pigment in glaze
Analysis
From the a* and b* values of the of the pigment powder and pigment in glaze, it was 
observed that there was an orange hue in the yellow colour. The value of b* was found to 
be higher in the glaze compared to the powder because un-reacted zirconia present in the 
pigment powder reacted with silica in the glaze to give a more intense coloration.
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4.4 TERBIUM-ZIRCON YELLOW PIGMENT
Results obtained by the incorporation of terbium oxide into the zircon lattice with the 
addition of different mineralisers are presented in this section.
4.4.1 SAMPLE PREPARATION
The chemical compositions of the prepared samples are given in the Table 4.9. Precursors 
used were Zr02, Si02 and Tb4C)7. NaF and LiF were used as mineralisers. Various shades 









ZSTB X = 0.05 NaF 2 1150°C
ZSTB1 X = 0.05 NaF 2 1250°C
ZSTB2 X = 0.05 NaF 5 1150°C
ZSTB 3 X = 0.05 NaF 5 1250°C
ZSTB4 X = 0.05 NaF 5 1450°C
ZSTB 5 X = 0.05 LiF 2 1150°C
ZSTB6 X = 0.05 LiF 2 1250°C
ZSTB7 X = 0.05 LiF 5 1150°C
ZSTB 8 X = 0.025 NaF 5 1150°C
ZSTB9 X = 0.1 NaF 5 1150°C




The samples, which produced coloration after various heat treatment combinations, were 
examined by XRD. The XRD traces of the samples are given below.
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Figure 4.17 X-ray diffraction pattern of the pigment powder ZSTB (x = 0.05, NaF (2%), 1150°C}
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Figure 4.18 X-ray diffraction pattern of the pigment powder ZSTB5 {x = 0.05, LiF (2%),
1150°C}
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Figure 4.20 X-ray diffraction pattern of the pigment powder ZSTB7 {x = 0.05, LiF (5%),
1150°C}
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Figure 4.22 X-ray diffraction pattern of the pigment powder ZSTB6 {x = 0.05, LiF (2%),
1250°C}
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Figure 4.23 X-ray diffraction pattern of the pigment powder ZSTB3 {x = 0.05, NaF (5%),
1250°C}
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Figure 4.24 X-ray diffraction pattern of the pigment powder ZSTB4 {x = 0.05, NaF (5%),
1450°C}
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Figure 4.25 X-ray diffraction pattern of the pigment powder ZSTB9 {x = 0.1, NaF (5%), 1150°C}
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Figure 4.26 X-ray diffraction pattern of the pigment powder ZSTB8 {x = 0.025, NaF (5%),
1150°C}
Analysis
Figures 4.17 to 4.26 represent the x-ray diffraction patterns of the samples obtained with 
different types and amounts of mineraliser and fired at various calcination temperatures.
Diffraction patterns of the samples (Figures 4.18, 4.20 and 4.22) were obtained with LiF as 
a mineraliser. From the diffraction patterns (Figures 4.18 and 4.22), it can be seen that at 
1150°C and 1250°C, most of the peaks belong to zircon although traces of zirconia are 
detected. However it was also interesting to note that the amount of LiF had an effect on 
the relative amount of each phase present in the sample (Figure 4.20). Larger ZrC>2 peaks 
were observed when LiF (5%) was used compared to LiF (2%) and calcined at the same 
temperature (1150°C).
Figures 4.17, 4.19, 4.21, 4.23 and 4.24 represent the diffraction patterns of the samples 
obtained with NaF as a mineraliser. XRD patterns of the sample (Figures 4.17 and 4.21) 
revealed the presence of two different phases, ZrSiC>4 and Z1O 2 .The ZrC>2 peaks were 
higher at 1150°C (Figure 4.17) compared with 1250°C
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(Figure 4.24) indicating the effect of temperature on the relative amount of phases present 
in the sample. At higher temperature Z1O 2 combines with SiC>2 to form more zircon and 
hence affects the relative amount of the phases, Z rS i04 and Z1O 2, present. Less intense 
peaks for ZrC>2 were observed at 1150°C and NaF (5%) shown in the Figure 4.19 compared 
with 1150°C and NaF (2%) shown in Figure 4.17 signifying the effect of the amount of 
mineraliser added on the phases present in the sample.
However it was interesting to note that similar diffraction patterns were obtained by 
increasing the temperature from 1150°C to 1250°C (Figures 4.19 and 4.23) using NaF (5%) 
as a mineraliser. A further increase in temperature to 1450°C did not have any effect on the 
phases, as shown in Figure 4.24.
Similar diffraction patterns were observed with increase in the concentration of the 
colouring oxide (terbium oxide), Figures 4.19, 4.25 and 4.26. Since from the XRD patterns 
of the samples (Figures 4.17 to 4.26) no compounds other than ZrSi04 and Z1O 2 were 
detected, it was believed that almost all of the Tb4C>7 added had been incorporated into the 
zircon structure to form the solid solution.
Calculation of the lattice parameters and volume of the unit cell
The change of lattice parameters a and c with the amount of chromophore ions for Tb- 
zircon pigment obtained at the heat treatment temperature of 1150°C is given in the Table 
4.10 below.
Zr(i_x)TbxS i0 4 a c Volume of 
the unit cell
X = 0.025 6.59494 6.06673 263.86170
X = 0.05 6.61897 5.96974 261.53886
X = 0.1 6.62934 5.92275 260.29389
Table 4.10 Change of lattice parameters and unit cell volume with the amount of Tb content for Tb-
zircon pigment heat-treated at 1150°C
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From the Table 4.10, it is apparent that an increase in the concentration of the colouring 
oxide increases the “a” value whereas the “c” value decreases. The unit cell size (volume) 
decreases with an increase in the concentration of the colouring oxide.
The weight fraction of the un-reacted zirconia present in different samples has been 
calculated as given below.
Calculation of the weight fraction of the un-reacted zirconia
(a) Zr(i_X)TbxSi04  (x = 0.05) containing NaF (2%) and calcined at 1150°C.
From the Figure 4.17 , the high intensity peak of zirconia is Z (-111).
Ia —> Intensity of the Z1O 2 peak in the mixture = 1024 (raw scan) 
lap —> Intensity of pure Z1O 2 peak = 3147 (raw scan)
Using equation-4.1
1024 _ wa x 275 
3147 ~ (wa x  98.41) + 176.6
1024x176.6=> w  = ---------------------------------------
a (3147 x 275) -  (1024 x 98.41)
=> wa = 0.236
(b) Zr(i_X)TbxSi04  (x = 0.05) containing NaF (5%) and calcined at 1150°C.
From the Figure 4.19, the high intensity peak of zirconia is Z (-111).
Ia —» Intensity of the Z1O 2 peak in the mixture = 400 (raw scan) 
lap —> Intensity of pure ZrC>2 peak = 3147 (raw scan)
Using equation-4.1
400 _ wa x275 
3147 (wa x 98.41) + 176.6
400x176.6=> vv = -------------------------------------
a (3147 x 275) -  (400 x 98.41)
=> wa = 0.085
(c) Zr(i-X)TbxSiC>4 (x = 0.025) containing NaF (5%)  and calcined at 1150°C.
From the Figure 4.26, the high intensity peak of zirconia is Z (-111).
lot —» Intensity of the Z1U 2 peak in the mixture = 292 (raw scan)
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Iap —> Intensity of pure Z r 0 2 peak = 3147 (raw scan)
Using equation-4.1
292 _ wa x 275 
3147 ”  (wa x 98.41) +176.6
292x176.6=> w = -------------------------------------
a (3147 x 275) -  (292 x 98.41)
=> w a = 0.061
(d) Zr(i.X)TbxSi04  (x = 0.1) containing NaF (5%) and calcined at 1150°C. 
From the Figure 4.25, the high intensity peak of zirconia is Z (-111).
Ia —> Intensity of the ZrC>2 peak in the mixture = 286 (raw scan)
Iap —» Intensity of pure ZrC>2 peak = 3147 (raw scan)
Using equation-4.1
286 _ wa x 2 1 5  
3147 (wa x 98.41) + 176.6
286x176.6=> vv = -------------------------------------
“ (3147x275)-(286x98 .41)
=> wa = 0.060
(e) Zr(i_x)TbxSiC)4 (x = 0.05) containing LiF (2%) and calcined at 1150°C. 
From the Figure 4.18, the high intensity peak of zirconia is Z (-111).
Ia —> Intensity of the Z1O 2 peak in the mixture =123 (raw scan)
Iap —» Intensity of pure Z1O 2 peak = 3147 (raw scan)
Using equation-4.1
123 _ wa x 275 
3147 ~ (wa x 98.41) + 176.6
123x176.6=> w  = -------------------------------------
a (3147x275)-(123x98 .41)
=> wa = 0.025
(f) Zr(i.X)TbxSi04  (x = 0.05) containing LiF (2%)  and calcined at 1250°C. 
From the Figure 4.22, the high intensity peak of zirconia is Z (-111).
Ia —» Intensity of the Z1O 2 peak in the mixture = 88 (raw scan) 
lap —> Intensity of pure ZrC>2 peak = 3147 (raw scan)
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Using equation-4.1
88 _ wa x275 
3147 ~~ (wa x 98.41) +176.6
88x176.6=> w  = -----------------------------------
a (3147x275)-(88x98 .41 )
=> wa =  0.018
(g) Zr(i.x)TbxSi04  (x = 0.05) containing LiF (5%) and calcined at 1150°C. 
From the Figure 4.20, the high intensity peak of zirconia is Z (-111).
Ia —> Intensity of the Z1O 2 peak in the mixture = 286 (raw scan) 
lap —> Intensity of pure Z1O 2 peak = 3147 (raw scan)
Using equation-4.1
286 _ wa x275 
3147 ~ (w a x98.41) + 176.6
286x176.6=> vv = -------------------------------------
a (3147x275)-(286x98 .41)
=» wa = 0.060
The above results are summarised in Table 4.11 below.
Sample name Weight fraction of un-reacted zirconia
Zr(i.x)TbxS i0 4 (x = 0.05), NaF (2%), 1150°C 0.236
Zr(i.X)TbxS i0 4 (x = 0.05), NaF (5%), 1150°C 0.085
Zr(i_x)TbxS i0 4 (x = 0.025), NaF (5%), 1150°C 0.061
Zr(i-x)TbxS i0 4 (x = 0.1), NaF (5%), 1150°C 0.060
Zr(1.x)TbxS i0 4 (x = 0.05), LiF (2%), 1150°C 0.025
Zr(i_x)TbxS i0 4 (x = 0.05), LiF (2%), 1250°C 0.018
Zr(1.x)TbxS i0 4 (x = 0.05), LiF (5%), 1150°C 0.060
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Figure 4.27 Weight fraction of the un-reacted zirconia present in the samples 
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Figure 4.28 Graphical representation of the effect of the increasing content of the terbium on the 
weight fraction of the un-reacted zirconia present in the samples 
(Zr,_xTbxSi04, x = 0.025, 0.5 and 0.1) at 1150°C (NaF = 5%)
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From the Figure 4.27, it is seen that the value of the weight fraction in the case of NaF 
(2%), 1150°C was higher compared to NaF (5%), 1150°C indicating the presence of larger 
amounts of the un-reacted zirconia in 2% compared to 5% NaF. But in the case of LiF, a 
larger amount of un-reacted zirconia was observed in 5% compared to 2% when calcined 
at the same temperature (1150°C). Increasing the temperature to 1250°C when 2% of the 
LiF was used as a mineraliser did not affect the presence of un-reacted zirconia 
appreciably.
The value of the weight fraction of the un-reacted zirconia is augmented by increasing the 
concentration of the terbium from 0.025 to 0.05 and it then decreased for 0.1 additions 
(Figure 4.28).
4.4.2.2 MEASUREMENT OF SURFACE MORPHOLOGY AND APPEARANCE
USING SEM
The structure and morphology of the Tb-Zircon samples were examined using the T-6310 
scanning electron microscope. The SEM images of the samples at different temperature are 
given below.
Figure 4.29 SEM micrograph of the sample ZSTB { NaF (2%), 1150°C} magnification x2700
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F ig u r e  4 . 3 0  S E M  m ic r o g r a p h  o f  th e  s a m p le  Z S T B 5  { L i F  ( 2 % ) ,  1 1 5 0 ° C }  m a g n i f i c a t io n  x 2 7 0 0
m a g n i f i c a t i o n  x 2 0 0 0  m a g n i f i c a t i o n  x 2 7 0 0
F ig u r e  4 .3 1  S E M  m ic r o g r a p h s  o f  t h e  s a m p le  Z S T B 2  { N a F  ( 5 % ) ,  1 1 5 0 ° C }
Analysis
SEM micrographs of the samples (Figure 4.29 and Figure 4.30) indicated the growth of the 
tetrahedral shaped crystal, improved by the addition of sodium fluoride as mineraliser. 
Large amounts of un-reacted zirconia were found to be present in the sample when 2% of 
mineraliser was added (Figure 4.29) compared to 5% (Figure 4.31), which was in good 
agreement with the results obtained from XRD.
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The same zircon crystals were observed to form by the use of lithium fluoride as a 
mineraliser (Figure 4.30) but the shape of the crystals was different. The difference in 
shape was attributed to the difference in interface energy of the mineralisers and crystals.
4.4.2.3 PARTICLE SIZE
The pigment powders obtained after different calcinations temperature were subjected to 
grinding for 3 hours in a high-density plastic container using zirconia grinding media and 
water as liquid suspension. The particle size measurements of those powders were then 
carried using the laser diffraction technique. Particle sizes of the samples as determined are 
given in the Table 4.12 below.
Sample name Particle sizes (jxm) 
d (0.5) d(0.1) d(0.9)
ZSTB 11.44 3.65 24.36
ZSTB1 13.50 5.33 28.87
ZSTB 2 14.11 5.77 27.40
ZSTB 3 14.25 4.75 33.32
ZSTB4 14.58 4.34 37.70
ZSTB5 12.05 5.05 23.97
ZSTB6 12.32 4.92 27.92
ZSTB7 13.04 4.10 33.57
ZSTB 8 12.27 4.71 22.25
ZSTB9 10.98 4.05 20.11
Table 4.12 Particle sizes of various samples obtained for the calcination temperatures and 
mineraliser content defined in Table 4.9 (After 3 hours ball milling)
Analysis
(a) The average particle size is increased with the increase in temperature from 1150°C to 
1250°C when both NaF (2%) and LiF (2%) were used as mineraliser.
(b) Increasing the amount of NaF and LiF to 5% at the same temperature 1150°C also 
increased the average particle size.
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(c) There is an increase in the average particle size by increasing the temperature from 
1150°C to 1250°C and then to 1450°C when NaF (5%) was used.
(d) Increasing the concentration of terbium from 0.025 to 0.5 increased the average particle 
size and then decreased for 0.1 addition.
From the Table 4.12 it was also found that
d(0.5) —» Varies between 11 to 15 micron 
d(0.1) —» Varies between 3 to 6 micron 
d(0.9) —> Varies between 20 to 38 micron
4.4.2.4 COLOUR MEASUREMENT
Colour measurements were carried out on the fired pigment powders and coloured glazed 
tiles using a spectrophotometer. The colour coordinates L*, a* and b*, which determine the 
colour of the sample are given in the below (Table 4.13 and Table 4.14).
Symbol Pigment powders 
L* a* b*
Pigments in glaze 
L* a* b*
ZSTB 94.60 -6.62 35.37 86.48 -6.26 64.84
ZSTB1 95.46 -7.13 29.04 87.12 -7.60 59.57
ZSTB 2 93.20 -8.03 47.73 86.44 -6.75 65.75
ZSTB 3 93.92 -8.54 44.05 86.30 -8.11 60.50
ZSTB4 92.21 -5.26 42.73 86.65 -7.79 56.03
ZSTB5 91.99 -6.31 47.06 87.57 -8.14 57.17
ZSTB6 91.9 -6.37 43.83 87.53 -8.18 54.16
ZSTB7 90.33 -3.02 42.88 87.22 -7.31 52.50
Table 4.13 L* a* b* parameters of the Zr(].x)TbxSi04 (x = 0.05) pigment powders and pigments in 
glaze with different mineraliser and calcination temperatures
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Symbol Pigment powders 
L* a* b*
Pigments in glaze 
L* a* b*
ZSTB 8 93.62 -8.12 49.16 86.94 -8.19 59.32
ZSTB2 93.20 -8.03 47.73 86.44 -7.25 65.75
ZSTB9 91.40 -6.96 57.77 86.15 -7.15 66.09
Table 4.14 The effect of the increasing content of the terbium on the colour hue of the 
Zr(i.x)TbxSi04 pigment in L* a*b* coordinates (only at firing temperature 1150°C)
Analysis
Pigment powders ZSTB5, ZSTB6 and ZSTB7 were manufactured with LiF as a 
mineraliser. Lemon yellow colours were observed both in the powders and in the coloured 
glaze tiles. The value of b* was maximum for the sample ZSTB5 and decreased for the 
sample ZSTB6 and ZSTB7 respectively both for powder and in the glaze, Table 4.13.
In the glaze, for samples (LiF = 2%), both b* and a* values were decreased with the 
increase in temperature from 1150°C to 1250°C (ZSTB5 and ZSTB6). A further decrease 
in the a* value and slight increase in b* value was observed by using 5% LiF and calcined 
at 1150°C (ZSTB7).
Similarly deep yellow colours were observed in case of the samples ZSTB, ZSTB1, 
ZSTB2, ZSTB3 and ZSTB4 obtained with NaF. These powders gave a strong yellow 
colour when put in the glaze.
In the glaze, for NaF (2%), b* and a* values were decreased with the increase in 
temperature from 1150°C to 1250°C. Increasing the amount to 5% and calcination at 
1150°C increased both the a* and b* values. There was a decrease in the b* values with 
increase in temperature from 1150°C to 1450°C, but no regular trend was noticed in the 
case of the a* values when NaF (5%) was used as a mineraliser.
Colours were less intense in the powder form compared to the coloured glaze tiles in all 
cases, which was evident from the a* and b* values. This was due to the fact that the un­
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reacted zirconia reacted with silica (from the glaze) to form zircon, producing more intense 
colour.
Increasing the concentration of the terbium oxide from 2.5% to 5% increased the b* value 
but a further increase in concentration to 10% did not affect the intensity of the colour 
appreciably. Similarly increasing the concentration of terbium oxide decreases the a* and 
L* values as shown in the Table 4.14.
4.4.2.5 EPMA ANALYSIS OF POWDER SAMPLE (OBTAINED AFTER 1150°C)
Samples of powder were mounted in electrically conducting resin and polished. Standards 
for Si0 2 , Zr02  and T b ^  were prepared and the sample and standards were given a thin 
coating of carbon to avoid charging. Measurements were performed at 15KV.
Some 32 analyses were performed but data from just 15 were used where the sum totals of 
the constituents differed by less than 3% from 100%. Errors in excess of 3% almost 
certainly arose from powder particles, which were not normally incident to the electron 
beam. It was impossible to polish all sample surfaces flat because of the danger of 
polishing completely through the sample.
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Particle Oxygen Silicon Zirconium Terbium
1 64.0 18.5 16.3 1.2
2 66.2 17.3 15.4 1.1
3 66.5 16.1 16.2 1.2
4 65.4 13.8 19.4 1.5
5 70.6 14.8 13.8 0.7
6 64.4 16.5 18.3 0.7
7 67.6 16.0 15.9 0.5
8 64.9 17.4 16.8 0.8
9 66.6 16.9 15.8 0.8
10 66.1 16.5 15.9 1.5
11 63.1 19.3 16.2 1.4
12 66.1 14.5 18.6 0.8
13 64.3 17.9 15.7 2.1
14 68.6 16.5 13.7 1.2
15 65.8 16.9 16.0 1.3
M ean 66.0 16.6 16.3 1.1
SD 1.9 1.5 1.6 0.42
Table 4.15 Results obtained in atomic percentage
Analysis
The bottom two rows (highlighted) in the Table 4.15 indicate the mean values and the 
standard deviation respectively for each of the elements.
There are several points of interest. Firstly, the variation in terbium level in the particles is 
far greater than one would expect suggesting that there may indeed be differences in the 
level from one particle to another i.e., not homogeneous. Also the element that is most 
difficult to measure and the one that would be most susceptible to sample surface condition 
i.e. not polished flat, is oxygen. However the standard deviation for this element analysis is 
only 3% of the total concentration, whereas for silicon and zirconium the standard 
deviations were about 10% of the concentration and for terbium it was about 35%. This is
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a further indication that some of these variations may be real compositional differences 
rather than being due to experimental error. Finally, it should be pointed out that in eleven 
of the fifteen analyses performed, the silicon level was higher than zirconium which is 
some indication that terbium is replacing zirconium in the crystal lattice.
4.5 WHY DID OTHER RARE EARTH OXIDES NOT GIVE COLOUR?
In order to find why other rare earth oxides (except Pr60n, Pr60n + CeC>2 and T b ^ v ) did 
not give colour, X-ray diffraction experiments were carried out on some of the samples. 
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Figure 4.35 X-ray diffraction pattern of CaCCb+SnC^+SiC^+PreOn fired at 1300°C for 2 hours
Analysis
Incorporation of the rare earth oxides (except, P ^O n , Pr60n+C e02 and T b ^ )  into the 
(Zr0 2 +SiC>2) matrix did not form the zircon host structure, which could be seen from 
Figures 4.32 and 4.33. The very pale pink colour when was doped with (Zr02+Si02) 
matrix could be due the compound E^SiOs, as this compound is (according to the JCPDS 
standard) very pale in colour.
Similar results were obtained when Er203 and other rare earth oxides were incorporated 
into various host structures such as spinel, sphene, garnet and alumina. In each case rare 
earth oxides reacted with other elements to form various compounds rather than going into 
the host lattice to make a solid solution, Figures 4.33 to 4.35. All these compounds are 
reported to be colourless according to the JCPDS standard; no colour was observed.
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5 RESULTS AND DISCUSSION: R2BaCuOs AND R2Cu20 5
TYPE COMPOUNDS
5.1 INRODUCTION
Rare earth cuprates and nickelates from the families R2C112O5 (the so called blue phases 
where R = Tb-Lu, Y, Sc) and R2BaCuOs (the so called green phases where R = Sm-Gd, 
Dy-Lu and Y) first attracted attention in connection with the development of the high-Tc 
superconductors. It turned out later that they have interesting magnetic properties. The 
application of this type of compound as a pigment has been reported in this section.
5.2 STRUCTURES
(a) R2CU2O5
This type of compound crystallizes in the orthorhombic space group Pna2i. In this case 
Cu-0 pyramids, CuOs, are joined by the common edges Cu (1) Cu (2) Og dimers, which in 
turn form zigzag chains along the x-axis. These chains are linked by oxygen atoms forming 
xy planes, where the Cu-Cu distance along the y axis (=3.5 A )  is close to the largest one in 
a chain along the x-axis ((=3.2A). The distances between the planes are 6.5 A .  There are 
two non-equivalent four-fold low symmetry positions for the R3+ ions in a unit cell. R (1) 
06 and R (2) 06 distorted octahedran are united in a three dimensional network.
(b) R2BaCu05
This type of compound (except R = Nd) crystallizes in the orthorhombic space group Pbn*. 
Nd2BaCu05  crystallizes in the tetragonal space group P4/mbm. The green phases 
R2BaCu05  (R = Sm-Gd, Dy-Lu and Y) and brown phase Nd2BaCuOs of R2BaCuOs super 
conducting ceramics contain isolated Cu2+ ions not interconnected by direct bonds through 
one oxygen. Various Cu-O-O-Cu or Cu-O-R-O-Cu super exchange paths may dominate in 
these compounds depending on the particular R3+ ion.
167
5.3 R2BaCu05 TYPE COMPOUNDS
5.3.1 SAMPLE PREPARATION
Firstly the rare earth (R) was replaced by Samarium (Sm) and calcined at three different 
temperatures (Table 5.1) in order to optimise the colour in terms of calcination 
temperature. The powders were mixed according to the stoichiometry given below:
Sni203 + BaC03  + CuO —» SmiBaCuOs
The powders were then placed in new, pure alumina crucibles. Two calcining methods 
were used, one in a crucible with lid and one without. A ramp rate of 300°C/hour and a 
soaking time of 12 hours were used in each case, followed by furnace cooling. For each 
method three firing temperatures were chosen, 950°C, 1000°C and 1050°C.
Due to the decomposition of the barium carbonate to barium oxide and carbon dioxide 
during the calcinations, a black substance along with the yellow-green coloured samples, 
formed at the bottom of the sample when a lid was placed on the crucible (due to carbon 
dioxide). With no lid on the crucible the black substance was not produced and the yellow- 
green coloured powders obtained were then characterised further. These calcined samples 
were ground and sieved with a 45-micron mesh before further characterisation.
Sample name Calcination temperature Soaking time (hours)
Sm l 950°C 12
Sm2 1000°C 12
Sm3 1050°C 12
Table 5.1 Name of the sample obtained after different calcination temperatures
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5 .3 .2 C O L O U R  M E A S U R E M E N T
Colour measurement was carried out on the pigment powders using a spectrophotometer in 
order to optimise the colour in terms of calcination temperature. The CLE values L*, a*, b* 
(Table 5.2, Figure 5.1) and the reflectance curves (Figure 5.2) are given below.
Symbol Pigment powders
L* a* b*
Sml 45.14 -4.09 5.56
Sm2 46.03 -4.80 -6.47
Sm3 48.53 -6.47 10.59
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Figure 5.2 Diffuse reflectance curves of Sm2BaCu05 pigment powders at various calcination
temperatures
From the reflectance curve and CIE values of the pigment powders (Figure 5.2 and Table 
5.2), it could be concluded that the intensity of the colour was a maximum at 1050°C. It 
was also seen that increasing the temperature increases the b* values whereas a* values 
decrease (Table 5.2).
Sm was then replaced by other rare earths (Ho, Yb, Er, Y, and Nd) and was calcined at 
1050°C only. The powders were mixed according to the stoichiometry given below.
H02O3 +  BaCC>3 +  CuO —>  Ho2BaCuC>5 
YE2O3 +  BaCC>3 +  CuO  - »  Y b 2 B a C u 0 5 
Er203 +  B a C 0 3  +  CuO —» E ^ B aC uO s  
Y 203 +  B aC03 +  CuO ->  Y 2B aC u05 
N d203  +  B aC 03  +  CuO  —» Nd2BaC uO s
Yellow -green colour powders were obtained with Ho, Yb and Er. Dark green and brown 
colours were observed for rare earths Y and Nd respectively.
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5.3.3 X-RAY DIFFRACTION
In order to find the different phases present in the calcined pigment powder samples, 
powder X-ray diffraction was carried out.
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Figure 5.3 X-ray diffraction pattern of the Sm2BaCu05 pigment powder (1050°C for 12 hours)
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Figure 5.4 X-ray diffraction pattern of the Ho2BaCu05 pigment powder (1050°C for 12 hours)
100
Y  ( 1 3 1 )
90 -
■oa>





Y(002) Y  ( 1 4 2 )
40 -
Y  ( 3 2 0 )C
30 ->.(0k_ Y . B a■
X Y . C uB a
n iy10 -
8060 7010 20 30 40 50
Diffraction Angle (26/degrees)







>  50 -
40 -
30 -
222)20 - N  ( 2
I, C u
10 - ( 4 2 2 )
70 806030 40 5010 20
Diffraction Angle (26/degrees)
Figure 5.6 X-Ray diffraction pattern of Nd2BaCu05 pigment powder (1050°C for 12 hours)
Analysis
From the XRD traces of the pigment powder samples (Figures 5.3 to 5.6) the major phases 
were found to be R2BaCuC>5 (where R = Ho, Sm, Y and Nd) although traces of CuO and 
BaCOa were still present.
5.3.4 SCANNING ELECTRON MICROSCOPY
SEM was carried out on the pigment powder samples just after calcination in order to find 
out the surface morphology and the grain size.
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(a) X2700 (b) x6000
Figure 5.7 SEM micrographs of the Y2BaCu05 powder samples (1050°C)
(c) X6000 (d) X8000
Figure 5.8 SEM micrographs of the (c) Ho2BaCu05 (d) Nd2BaCu05 powder samples (1050°C)
Analysis
From the scanning electron microscopy micrographs, Figures 5.7 and 5.8(c), it was evident 
that the sample contained agglomerates, each composed of small round particles with a 
grain size of 1-2 pm. The shape of the crystals in the case of Nd2BaCuOs, Figure 5.8(d) 
was different from Ffc^BaCuOs and YiBaCuOs due to the difference in crystal structure. It 
also looks as if each of the grains (1-2 pm) is made up of finer particles.
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5.3.5 PARTICLE SIZE
Particle sizes of the powder samples after grinding for 1 hour are given below (Table 5.3).
Sample name Particle sizes (pm) 
d (0.5) d(0.1) d(0.9)
Sni2BaCu05 11.17 4.38 29.74
Ho2BaCu05 10.47 4.28 26.82
Y2BaCu05 12.83 5.55 30.97
Table 5.3 Particle sizes of the samples after grinding for 1 hour
Particle sizes of the INcbBaCuOs powder sample after grinding for 2 hours are given in the 
Table 5.4 below.
Sample name Particle sizes (pm) 
d (0.5) d(0.1) d(0.9)
Nd2BaCu05 (1050°C) 4.03 0.28 11.82
Table 5.4 Particle sizes of the Nd2BaCu05 powder sample after grinding for 2 hours
5.3.6 APPLICATION OF THE PIGMENT IN THE GLAZE
The stability of the yellow green pigments and brown pigment was tested in an unleaded 
(leadless) commercial transparent glaze by addition of 5 and 8wt% of pigment at 1050°C. 
The green coloured pigment powders in the case of Sm and Ho turned into light green and 
the brown coloured pigment powder in the case of Nd also turned into light green in the 
glaze. Y2BaCu05  gave a bubbled surface in the glaze. The L*, a* and b* parameters of the 
pigment powders and pigments in the glaze are given in Table 5.5 and Figure 5.9.
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Symbol Pigment powders 
L* a* b*
Pigments in glaze 
L* a* b*
Sni2BaCu05 48.53 -6.47 10.59 67.42 -19.03 -0.61
Fk^BaCuOs 53.63 -15.43 14.32 53.45 -24.78 -6.47
53.63 -15.43 14.32 63.92 -22.83 4.81
Y2BaCuC>5 51.64 -16.12 10.06
Nd2BaCuC>5 51.84 5.51 6.91 60.31 -17.63 -7.63
(NB: Bold letters represent 5% addition o f the pigment to the glaze)
Other additions are 8%

















Figure 5.9 Graphical representation of the variation of the a* and b* values with different 
compounds both in the powder and the glaze
It was not possible to carry out colour measurement on Y containing compound after 
application in the glaze because o f the bubbled surface whereas compound containing Nd 




Firstly the rare earth (R) was replaced by Dysprosium (Dy) and calcined at various 
temperatures and soaking times (Table 5.6) in order to optimise the colour. The powders 
were mixed according the stoichiometry given below:
Dy203 + 2CuO —» Dy2Cu205
The powders were then placed in new, pure alumina crucibles and subjected to firing at 
temperatures of 950°C, 1000°C and 1050°C for a holding time of 2 hours and 12 hours 
(ramp rate of 300°C/hour), followed by furnace cooling. Samples after the 2 hours soaking 
time gave an intense bluish green colour with slight differences in intensity.
The samples fired at the same temperatures for a 12 hours soaking time gave a less intense 
bluish-green colour compared to 2 hours.
Sample name Calcination temperatures Soaking time
B1 950°C 2 hours
B2 1000°C 2 hours
B3 1050°C 2 hours
Table 5.6 Nomenclature of the samples obtained at different calcination temperatures 
5.4.2 COLOUR MEASUREMENT
The L*, a* and b* parameters and the diffuse reflectance spectrum of Dy2Cu20s at various 
calcination temperatures are given below.
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Symbol Pigment powders 
L* a* b*
B1 49.63 -15.21 -1.92
B2 48.37 -14.08 -2.00
B3 47.12 -12.58 -1.88
T a b le  5 .7  L *  a *  b *  p a r a m e te r s  o f  D y 2C u 20 5 p ig m e n t  p o w d e r s  a t d i f f e r e n t  c a l c in a t io n  t e m p e r a tu r e s
4 t86-
-20 -15 ♦ -10 '5 -1.88 f
10509C
-1.9 -




♦  1000QC -2
-2 .02  J
F ig u r e  5 . 1 0  G r a p h ic a l  r e p r e s e n t a t io n  o f  th e  v a r ia t io n  o f  t h e  a *  a n d  b *  v a lu e s  w i t h  te m p e r a tu r e
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Diffuse reflectance spectra of bluish-green pigment
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Analysis
The most intense colour could be obtained in the compound R2CU2 O5 (where R = Dy) at a 
temperature of 950°C with a soaking time of 2 hours, which was evident from the 
Table 5.7 and Figures 5.10 and 5.11.
The rare earth Dy was replaced by other rare earths ( Yb, Ho, Y and Er) and calcined at the 
same temperature and soaking time. The composition for which the powders were mixed is 
given below.
Yb20 3 + 2CuO -> Yb2Cu2 0 5 
H0 2 O3 + 2CuO —> H0 2 CU2 O5 
Er2 C>3 + 2CuO -» Er2Cu2 0 5  
Y2 0 3 + 2CuO -> Y2 Cu2 0 5


















Calcined powder samples were then subjected to X-ray diffraction to determine the 
different phases.
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Figure 5.14 X-ray diffraction pattern of Ho2Cu20 5 pigment powder (950°C for 2 hours)
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Figure 5.15 X-ray diffraction pattern of Y2Cu20 5 pigment powder (950°C for 2 hours) 
Analysis
From Figure 5.12, Dy2Cu20s was found to be the major phase although traces of CuO were 
still present. Similar diffraction patterns were observed by increasing the temperature to 
1000°C and 1050°C. Similarly from the XRD traces of the samples, Figure 5.13, Figure 
5.14 and Figure 5.15, rare earth cuprates R2CU2O5 (R= Yb, Ho, and Y) were identified as 
the main phase in each case, although traces of CuO, rare earth oxide and some 
unidentified peaks were still observed indicating incomplete reaction.
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5 .4 .4 S C A N N I N G  E L E C T R O N  M IC R O S C O P Y  (S E M )
Figure 5.16 Typical SEM micrograph of Dy2Cu20 5  pigment powder obtained at 950°C for 2 hours 
Analysis
SEM micrograph of the sample (Figure 5.16) revealed the presence of rounded particles 
having average grain size 1 - 2  micron.
5.4.5 COLOUR MEASUREMENT
CEE values and the diffuse reflectance spectrums of the various rare earth cuprate powders 
are given in Table 5.8 and Figure 5.17 respectively.
Formula Pigment powders 
L* a* b*
Yb2Cu20 5 51.22 -20.25 -2 . 1 0
Ho2Cu2 0 5 49.61 -17.47 -2.03
Er2Cu2 0 5 47.73 -13.3 -2 . 6 6
Dy2Cu2 0 5 49.63 -15.21 -1.92
Y2Cu20 5 51.10 -16.89 -4.15
Table 5.8 L* a* b* parameters of various rare earth cuprate pigment powders at the same 
calcination temperature (950°C) and soaking times (2 hours)
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Diffuse reflectance spectra of different rare earth
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Figure 5.17 Diffuse reflectance spectra of various rare earth cuprate powders
5.4.6 PARTICLE SIZE
The pigment powder samples obtained after calcination were sieved through a 45-micron 
sieve and the particle size measurement were then carried out. The particle sizes of 
different samples are given in the Table 5.9 below.
Sample name Particle sizes (pm) 
d (0.5) d(0.1) d(0.9)
Dy2Cu20 5 11.76 4.28 25.07
Ho2Cu205 10.09 4.26 22.55
Yb2Cu20 5 11.87 5.10 24.64
Y2Cu20 5 13.38 5.97 31.37
Table 5.9 Particle sizes o f  the different rare earth cuprate pigment powders
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5 .4 .7 A P P L IC A T IO N  IN  G L A Z E
Stability of the pigments was tested in an unleaded commercial transparent glaze. Pigments 
were applied at a level of 8 wt% of the dry glaze. H0 2 CU2 O5 and Yb2 Cu2 0 s gave a bubble 
rich surface when fired in the glaze. The L*, a*, and b* parameters of Dy2 Cu2 0 s and 





Pigments in glaze 
L* a* b*
Dy2 Cu2 0 5 49.63 -15.21 -1.92 53.71 -15.08 -9.71
Y2 Cu2 0 5 51.10 -16.89 -4.15 46.27 - 1 1 . 1 2 -3.48
Table 5.10 L* a* b* parameters of the Dy2Cu20 5  and Y2Cu2 0 5 pigment powders, and also in the
glaze
a*
















Figure 5.18 Graphical representation of the variation of the a* and b* values with rare earth 
cuprate pigment powders, and also in the glaze
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6 RESULTS AND DISCUSSION: (VARIOUS MIXED OXIDE
AND PEROVSKITE SYSTEMS)
The potential use of various mixed oxide systems and the perovskite structure 




The powders were mixed according the composition given below:
3Er2 0 3 + M0O3 —> Er6MoOi2
Powders were fired at temperatures 1100°C, 1200°C and 1300°C, for both 2 hours and 4 




Er Er6MoOi2 1100°C 2 hours
Erl Er6MoOi2 1200°C 2 hours
Er2 EreMoOn 1300°C 2 hours
Er3 Er6MoOi2 1300°C 4 hours
Table 6.1 Sample name obtained after different calcination temperatures
No colour was obtained at 1100°C for 2 hours.
An orange yellow colour was observed at 1200°C for 2 hours, 1300°C for 2 hours and 4 
hours with slight variations in intensity.
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6 .1 .2  R E S U L T S
6.1.2.1 COLOUR MEASUREMENT
Colour measurements were carried out using a spectrophotometer and the values are given 
below.
Symbol Pigment powder 
L* a* b*
Erl 83.01 6.24 28.60
Er2 83.08 8.92 25.82
Er3 83.02 9.68 26.14
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Figure 6.1 Graphical representation of the variation of a* and b* values with temperature
Analysis
From the Table 6.2 and Figure 6.1, it was found that the intense colour could be obtained 
with the sample Erl calcined at 1200°C for 2 hours.
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6 . 1 . 2 . 2 X-RAY DIFFRACTION
X-ray diffraction on the sample E rl (obtained at 1200°C for 2 hour) was carried out to find 
out the different phases present.
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Figure 6.2 X-ray diffraction pattern of Er6MoOi2 pigment powder obtained (1200°C for 2 hours) 
Analysis
From the XRD trace (Figure 6.2), Er6MoOi2 was found to be the only phase present in the 
sample. All the other peaks present indicated that the level of un-reacted precursor powders 
was very low < 2%.
6.1.2.3 PARTICLE SIZE DISTRIBUTION
Particle size distribution of the pigment powder (1200°C for 2 hours) after ball milling for 
2 hours is given in the Table 6.3 below.
Sample name d (0.5) d (0.1) d (0.9)
Er6MoOi2 6.35 0.31 14.08
Table 6.3 Particle size distribution of the pigment powder after calcination at 1200°C for 2 hours
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Analysis
The average particle size was found to be 6.35pm.
6 .1.2.4 SCANNING ELECTRON MICROSCOPY (SEM)
x950 x 16,000
Figure 6.3 SEM micrographs of the Er6MoOi2 pigment powder after ball milling for 2 hours
Analysis
SEM micrographs (Figure 6.3) revealed the presence of agglomerates in the sample and 
each agglomerate contained a large number of grains, having a grain size below one 
micron.
6 .1.2.5 APPLICATION IN GLAZE
Stability of the above pigment was tested in commercial unleaded transparent glaze by 
adding 8 -wt% at 1050°C. The orange yellow pigment powder turned into light pink in the 
glaze. The CIE values of the pigment powder and pigment in glaze are given in the Table
6.4 and Figure 6.4 below.
Symbol Pigment powder 
L* a* b*
Pigment in glaze 
L* a* b*
Erl 83.01 6.24 28.60 83.62 15.92 -0.65
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Figure 6.4 Graphical representation of the a* and b* values of the pigment powder and pigments in
glaze
Analysis
It was speculated that the transformation of orange yellow colour powder to light pink in 
the glaze was due to the breakdown of Er6 MoOi2 to Er2C>3 and M0 O3 . Er2C>3 is generally 
light pink in colour and it is this which is considered to impart the pink colour to the glaze. 
When the supplied Er2C>3 was applied in the glaze at the 8 wt% level, the same light pink 
colour was observed.
CIE values of Er6MoOi2 and Er2Q3 in the glaze are given in the Table 6.5.
Sample name Pigments in glaze 
L* a* b*
Er6 MoOi2 83.62 15.92 -0.65
Er20 3 83.86 13.05 3.83
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6.2 Bao.5Lao.5 N a^  CuasSuOio AS VIVID BLUE PIGMENT
6.2.1 SAMPLE PREPARATION
The compositions of the prepared samples are given in Table 6.6. Precursors used were 
BaC0 3 , La203, CuO, Na2C0 3 , Si02. A ramp rate of 300°C /hour and soaking times of 2 
hours, 3 hours, 6 hours and 12 hours was used. A vivid blue colour was obtained in each 
case with variation in intensity




E l Bao.5Lao.5 Nao.s Cuo.sSi^io 950°C 2
E2 Bao.5Lao.5 Nao.5 Cuo.sSi^io 1050°C 2
E3 Bao.5Lao.5 Nao.s Cuo.sSi^io 1050°C 3
E4 Bao.sLao.s Nao.s Cuo.sSi^io 1050°C 6
E5 Bao.sLao.s Nao.s Cuo.sSi^io 1050°C 12
Table 6.6 Composition and firing conditions of the samples
6.2.2 RESULTS
6.2.2.1 COLOUR MEASUREMENT
The Table 6.7 below gives the CIE values of various pigment powders at different 
calcination temperatures and soaking times.
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Symbol Pigment powders 
L* a* b*
E l 66.84 -2.95 -28.53
E2 65.58 1.92 -38.01
E3 67.40 -0.43 -33.25
E4 66.65 1.00 -35.40
E5 64.87 1.90 -36.78




Ba(202) Ba- BaCuSi4O10 
La- La2Si20 7 
Si- S i02 (quartz) 
La1- La20 3




B a(220)tnc0) B a B a(204 B a(316)3a(2 1 2)
B aC Ba(422)Ba B a(431)B aBa(22!>»(0
B a B aBa B a Ba(514) B a(516)IX B a.L a
I B a
B a
10 20 30 40 60 70 8050
Diffraction Angle (26/degrees)
Figure 6.5 X-ray diffraction pattern of pigment powder obtained after heating at 1050°C for 2
hours
Analysis
From the XRD trace (Figure 6.5) the phases given below were found to be present.
(1) BaCuSi4Oio (blue colour according to the JCPDS standard)
(2) La2Si207
( 3 )  S iC >2 a n d  L a 2 0 3  ( t r a c e )
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6.2.2.3 APPLICATION IN GLAZE
Stability of the pigment (8% by wt) obtained after calcinations at 1050°C for 2 hours was 
tested in an unleaded commercial transparent glaze. The pigment in the glaze turned to a 
very light green colour.
CIE values of the pigment powder and pigment in the glaze are given in the Table 6.8 
below.
Symbol Pigment powder 
L* a* b*
Pigment in glaze 
L* a* b*
E2 65.58 1.92 -38.01 74.78 -12.14 4.74
Table 6.8 L* a* b* parameters of Bao.sLao.sNao.sCuo.sSi i^o pigment powder and pigment in glaze 
(only at one firing temperature, 1050°C for 2 hours)
6.3 Bao.5Lao 5 Nao.s Cu0 5Si20 6 AS VIOLET BLUE PIGMENT
6.3.1 SAMPLE PREPARATION
The compositions of the prepared samples are given in the Table 6.9. Powder samples were 
fired at 950°C, 1050°C with a soaking time of 2 hours.




BV Bao.sLao.s Nao.s Cuo.sSi206 950°C 2
BV1 Bao.sLao.s Nao.s Cuo.sSi206 1050°C 2
Table 6.9 Compositions and firing conditions of the samples
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A violet blue colour was obtained at 950°C for 2 hours holding time. A glassy substance 
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Figure 6.6 X-ray diffraction pattern of Bao.5Lao.5Nao.5Cuo.5Si206 violet blue pigment powder
(950°C for 2 hours)
Analysis
The different phases obtained from the XRD trace (Figure 6.6) are given below
(a) BaCuSi4 0 io (blue colour according to JCPDS standard)
(b) BaCuSi2C>6 (violet colour according to JCPDS standard)
6.3.2.2 COLOUR MEASUREMENT
Stability of the pigment (8% by wt) obtained after calcination at 950°C for 2 hours was 
tested in an unleaded commercial transparent glaze. The pigment turned into a very light
Ba- BaCuSi40  
B- BaCuSio06
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green in the glaze. CIE values of the pigment powder and pigment in glaze are given in the 
Table 6.10.
Symbol Pigment powder 
L* a* b*
Pigment in glaze 
L* a* b*
BY 52.69 5.81 -25.40 66.6 -17.21 2.8
Table 6.10 L* a* b* parameters of Bao.5Lao.5Nao.5Cuo.5Si206 pigment powder and pigment in glaze 
(only at one firing temperature, 1050°C for 2 hours)
6.4 Ce(1.x)Prx0 2 (x = 0.05) TYPE PIGMENTS
6.4.1 SAMPLE PREPARATION
The combinations of the prepared samples are given in the Table 6.11. Precursors used 
were Ce02 and P^O n. Samples were prepared with and without mineraliser and fired at 
1300°C for 2 hours. Mineraliser NaF was added by 5%  wt of the total mixture. A ramp rate 







X = 0.05 With NaF 1300°C 2
X = 0.05 Without 1300°C 2
Table 6.11 Combinations of the prepared samples
An orange pink colour was observed with the flux whereas a reddish brown colour was 




Powder X-ray diffraction was carried out in order to find the different phases present in the 






£  70  ra
E
5  60  
c








C e  ( 1 1 1 )
C e  ( 2 0 0 )
C e  ( 2 2 0 )
C e  ( 3 1 1 )
C e  ( 2 2 2 )
3 0  4 0  5 0  60
Diffraction Angle (26/degrees)
Ce- CeO,
C e ( 4 0 0 )
70
C e  ( 3 3 1 )
C a ( 4 2 0 )
80
Figure 6.7 X-ray diffraction pattern of the Ce0.95Pr0.05O2 pigment powder calcined at 1300°C for 2
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Figure 6.8 X-ray diffraction pattern of the Ce0.95Pr0.05O2 pigment powder calcined at 1300°C for 2
hours (without flux)
Analysis
From the X-ray diffraction patterns, Figure 6.7 and Figure 6.8, Ce02 was found to be the 
only phase present in the sample. The presence or absence of NaF did not have any effect 
on the existence of the phases of the samples.
Calculation of the lattice parameters
Lattice parameter According to the 
JCPDS standard
With Flux Without flux
a = b = c in (A ) 5.411 5.4161 5.4138
Table 6 .12 Lattice parameter of Ce02 with or without flux
Ce02 has the cubic structure. The lattice parameter according to the JCPDS standard was 
5.411 A  . When Praseodymium oxide (P^O n) was doped with the Ce02 host lattice, with 
or without flux, there was a change in the lattice parameters whereas the structure remains
Ce- C e02
JX -J - I
C e
C e  C e
1 ---------1
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unchanged as shown in Table 6.12. There was an increase in the value of “a” in both the 
cases but the value was found to be slightly higher with flux compared to without flux.
6.4.2.2 APPLICATION OF THE PIGMENT IN GLAZE
Stability of the pigment was tested in a commercial unleaded transparent glaze. The 
pigment was applied by adding 8 wt% of the dry glaze and sprayed onto ceramic test tiles. 
In both the cases, an orange pink colour was observed with a bubble rich surface due to the 
reaction of the pigment with the glaze. Hence it was not possible to measure the CIE 
parameters.
Experiments were carried out to determine the influence of Sm203 on the colour and 
stability of a Ce0.95Pr0.05O2 pigment.
6.5 Ce(0.95-y)Pro.o5Smy0 2-y/2 TYPE PIGMENTS
6.5.1 SAMPLE PREPARATION
The composition of the prepared samples is given in the Table 6.13. Precursors used were 
Ce0 2 , Pr60n and Sm02  and fired at 1300°C for 2 hours without flux and with flux. In this 
case opposite results were obtained compared to the previous results. With NaF a reddish 








Y = 0.05 1300°C 2




A calcined pigment powder sample (obtained without flux) was subjected to X-ray 
diffraction to detect the phases.
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Figure 6.9 X-ray diffraction pattern of the Ce (o.95-y)Pro.o5 Smy0 2-y/2 (y = 0.05) pigment powder 
calcined at 1300°C for 2 hours (without flux)
Analysis
X-ray diffraction pattern (Figure 6.9) revealed CeC>2 to be the only phase present in the 
sample. No trace of praseodymium oxide was found.
Calculation of the lattice parameter




Table 6.14 Lattice parameter of Ce02 standard and after doped with Pr6On and Sm20 3
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From the Table 6.14, it was seen that the lattice parameter decreased when Ce0 2  was 
doped with both P r 6O n  and Sni2 0 3  in the absence of flux.
6.5.2.2 SCANNING ELECTRON MICROSCOPY
The SEM was carried out on the pigment powder sample just after calcination to find out 
the surface morphology and the grain size.
Figure 6 .10 SEM micrograph of the Ce (o.95-y)Pro.o5 Smy0 2-y/2 (y = 0.05) pigment powder calcined at
1300°C for 2 hours without flux (x 9500)
Analysis
From the SEM micrograph (Figure 6.10), it was found that the sample contains 
agglomerate. Each agglomerate consists of grains having average grain size around 1-2 
micron.
6.5.2.3 PARTICLE SIZE
Particle sizes of the powder sample after grinding for 1 hour are given in the Table 6.15.
d(0.5) d(0 .1 ) d(0.9)
11.31 3.96 26.39
Table 6.15 Particle sizes of the sample Ce (o 95-y)Pro.o5 Smy0 2. y/2 (y = 0.05) after grinding for 1 hour
2 0 0
6.5.2.4 APPLICATION OF THE PIGMENT IN GLAZE AND COLOUR
MEASUREMENTS
The stability of the pigment was tested in two types of glazes.
(a) Commercial unleaded transparent glaze at 1070°C for 2 hours.
(b) Lead containing glazes at 1070°C for 2 hours, 1300°C for 2 hours and 6 hours.
The samples manufactured at various conditions are shown in Table 6.16 below.
Sample name Firing conditions
Ce4 Unleaded transparent glaze at 1070°C for 2 hours
Ce5 Lead containing glaze at 1070°C for 2 hours
Ce6 Lead containing glazes at 1300°C for 2 hours
Ce7 Lead containing glazes at 1300°C for 6 hours
Table 6.16 Name of the sample obtained with different glazes with various calcination
temperatures and soaking times
Results obtained after firing the tiles
An orange pink colour with bubbles in the surface was observed when unleaded 
transparent glaze was used. Then the pigment was applied in a lead containing glaze at 
different temperatures and soaking times. Less bubbles were noticed on increasing the 
temperature and time and using the lead-containing glaze.
Colour measurements
The colour measurements were carried out on the ceramic tiles using a spectrophotometer 
and are shown in the Table 6.17 and Figure 6.11.
Sample name Pigments in glaze
L* a* b*
Ce4 74.85 12.75 30.40
Ce5 74.34 14.78 29.91
Ce6 74.94 13.68 29.47
Ce7 71.00 15.87 32.51




















Figure 6.11 Graphical representation of the variation of the a* and b* values with different types of 
glazes, calcination temperature and soaking times
From the Table 6.17 and Figure 6.11 it was seen that the a*values were almost same for 
the samples Ce4, Ce5, Ce6  and Ce7 whereas higher value of b*was observed for the 
sample Ce7 compared to the samples Ce4, Ce5 and Ce6 .
6.6 AxB(2-x-y)Cry0 3 (A = RARE EARTH and B = Al) PEROVSKITE 
COMPOUND
6 .6 .1 SAMPLE PREPARATION
The compositions of the samples prepared are given in the Table 6.18 below. NaF was 
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ErAl X = 1, y = 0.06 Er 1250°C 1 Yellow
ErAU X =  1, y = 0.06 Er 1450°C 1 Brownish
red
ErA12 X = 1, y = 0.06 Er 1500°C 1 Brownish
red
ErA13
ooo©IIIIX Er 1500°C 1 Brownish
red
SmAl X = 1, y = 0.06 Sm 1500°C 1 Brown
HoAl X =  1, y = 0.06 Ho 1500°C 1 Brick red
DyAl X = 1, y = 0.06 Dy 1500°C 1 Brick red
YbAl X = 1, y = 0.06 Yb 1500°C 1 Yellow
Table 6.18 Compositions and colour of the samples after calcinations at various temperatures
6.6.2 RESULTS
6.6.2.1 COLOUR MEASUREMENT OF THE PIGMENT POWDERS
Colour measurements were carried out on pigment powders obtained with different rare 
earths and various calcinations temperatures and soaking times. The L*, a* and b* 




ErAI 76.92 11.56 2 1 . 6 8
ErAll 58.02 18.27 11.24
ErA12 59.04 18.92 11.85
ErA13 60.15 18.48 11.96
SmAl 60.34 13.48 11.63
HoAl 66.73 9.61 25.15
DyAl 62.87 15.00 15.05
YbAl 74.75 9.57 27.99
Table 6.19 L* a* b* parameters of the pigment powders containing various rare earths and calcined
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Figure 6.12 Graphical representation of the a* and b* values of AxB(2-x-y)Cry0 3  pigment powders 
(A = Er, B = Al, X = 1, y = 0.06 and 0.08) calcined at different temperature and soaking times
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Figure 6.13 Variation of the a* and b* values of AxB(2-x-y)Cry0 3  pigment powders with different 
rare earths (A = Rare earth, B = Al, x = 1, y = 0.06 ) calcined at different temperature and soaking
times
Analysis
From the Figure 6.12 it was seen that a* and b* values were similar for ErAll, ErA12 and 
ErA13 and the value of a* was higher compared to b* in each case, but in the case of ErAI 
the b* value was found to be higher. Positive value of b* represents the yellow colour in 
CIELAB space and hence the b* value will be higher for a yellow colour compared to 
brownish red colour samples.
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6 . 6 . 2 . 2 X-RAY DIFFRACTION
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Figure 6.14 X-ray diffraction pattern of the pigment powder (ErA12)
Analysis
X-ray diffraction (Figure 6.14) revealed the single-phase nature of the sample.
6 .6 .2.3 SCANNING ELECTRON MICROSCOPY
(A)
Figure 6.15 SEM micrograph of the sample (ErA12) after calcination at 1500°C for 1 hour (x2700)
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Figure 6.16 Typical EDX spectrum of the samples
Analysis
SEM micrograph (Figure 6.15) showed the presence of agglomerates with an average grain 
size of 2-3 micron. Two types of crystals (as far as shape is concerned) were observed. 
Figure 6.16 (A) and (B) represent the EDX spectra of the two types of crystals denoted as 
X and Y respectively which indicates that both the crystals had the same elemental 
composition.
6.6.2.4 COLOUR MEASUREMENT ON THE COLOURED GLAZED TILES
Stability of the pigment powder was tested in an unleaded transparent commercial glaze by 
8wt%. The brownish red colour turned into very pale yellow in the glaze, which can be 
seen from the Table 6.20 and Figure 6.17.
Symbol Pigment powder 
L* a* b*
Pigment in glaze 
L* a* b*
ErA12 59.04 18.92 11.85 69.70 7.24 23.61







b*1Q *  ■ Glaze
5
0 \ ----------  T------------------------------------------T------------------------------------------T------------------------------------------ 1
10 15 20
a*
Figure 6.17 Graphical representation of the L* a* b* parameters of the pigment powder and the
pigment in glaze
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7 STABILITY OF THE VARIOUS PIGMENTS AND 
COMPARISON WITH THE EXISTING LITERATURE
(1) THE INITIAL WORK PROGRAMME
The initial work programme of this project was to develop ecological ceramic pigments by 
doping rare earth oxides into various host lattices. The incorporation of P ^O n in a zircon 
lattice produced yellow coloration. The Pr-Zircon yellow pigment is already a well-known 
ceramic pigment and has already been reported in several papers and is currently being 
used by industry for yellow colouring of ceramics. Hence emphasis was placed on 
calculating the weight fraction of un-reacted zirconia present as well as the micro-structure 
of the pigment powder sample, which none of the literature has reported so far.
No work has been done on the influence of Ce0 2  on the colour hue of the Pr-Zircon yellow 
pigment. Therefore experiments were carried out and a number of compositions were 
prepared with different ratios of PreOn and CeC>2 and calcined at various temperatures. 
Orange yellow colour powders were obtained in each case. These pigment powders were 
optimised in terms of P ^O n and Ce02  ratio and calcination temperatures before further 
characterisation. Finally, an orange yellow coloured glaze tile was obtained when the 
pigment powder was applied in the commercial unleaded transparent glaze indicating the 
stability of the pigment.
Similarly incorporation of the terbium oxide into the zircon host lattice in the presence of 
different types and amounts of mineralisers produced various shades of yellow both in the 
powder form and coloured glazed tile, suggesting that these pigments were stable in 
commercial unleaded transparent glaze. The shades of yellow observed in this case were 
different from Pr-Zircon yellow. It was also found that nothing has been reported in the 
literature about the use of Tb-Zircon pigment for ceramic applications.
Other rare earth oxides when incorporated into host lattices like Zircon, Spinel, Sphene, 
Garnet, Olivine and Alumina produced off white colours. A very pale pink colour was 
noticed with erbium oxide and was not worth considering for trials in the glaze.
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(2) THE R2BaCu05 AND R2Cu20 5 TYPE SYSTEMS
R2BaCu05  (R = rare earth) and R2C112O5 (R = rare earth) type pigments have been 
prepared using a solid- state synthesis method. Intense yellow green colour powders were 
obtained with R2BaCu05  where R= rare earth except Y. In this case a dark green coloured 
powder was observed. Bluish green powders were obtained with R2CU2O5 (R = rare earth). 
Y2BaCuC>5 pigment powder was put into the commercial unleaded transparent glaze to test 
its stability. It gave a bubble rich surface, which contradicts the results reported by 
Fernandez and Co. 1 where they claimed Y2BaCu05  as a stable pigment in the specially 
designated glaze. They also mentioned that the colour of the pigment powder turned into 
light green in the glaze which means its not a stable pigment. The diversity in the results 
may be due to the difference in the glaze. Each glaze has a different composition and the 
presence of some elements in the glaze, even if in small amounts, can react with the 
pigment to produce a bubble rich surface. It was difficult to know the precise composition 
of the glaze because of the manufacturing secrecy of the company and therefore hard to 
predict the exact cause of the bubbles. Similarly intense yellow green coloured powders 
turned into light green in the glaze, which disagrees with the results reported by Thierry 2. 
This may again be due to the difference in the glaze and processing method of the 
pigments. Bluish green colours also were not stable in the glaze except the compounds 
containing Dy and Y as the rare earth element.
(3) THE Er6MoOi2 SYSTEM
No literature has been reported on the use of E ^M oO ^ pigment in ceramics. When this 
pigment was applied in the glaze, the orange coloured powder turned into light pink which 
was shown to be due to the breakdown of E ^M oO ^to  Er203  and M0O3. Er203  is generally 
light pink in colour and therefore it was speculated that the colour of the glazed tiles might 
be due to the Er20 3 . Hence instead of Er6MoOi2, Er203  was applied in the glaze, which 
produced the same light pink colour. Hence it is believed the coloured rare earth oxide 
powders could be used directly as pigments in ceramic applications.
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(4) THE Bao^Lsoi Nao.s Cuo^SLjOio AND Bao.sL o^.5 Nao.s Cao.sSi206 TYPE SYSTEMS
Bao.sLao.s Nao.s Cuo.sSi^io and Bao.sLao.s Nao.s Cuo.sSi2C>6 produced intense vivid blue and 
violet blue powders respectively. But the same stability problem was encountered during 
application in the glaze. In this case the powders turned into light green which again 
contradicts the results reported by Thierry 3. This may possibly be again due to the 
difference in the glaze and the processing method of the pigments.
(4) THE PIGMENTS BASED ON C e02
Several publications 4’ 5’ 6 have been reported on the use of C e0 2 based red and brownish 
red pigments in ceramic applications. However, a muddy red brown colour was obtained 
following the same processing method. The colour disappeared when applied in the glaze 
contradicting the results obtained above. Again Sulcova and Co. 7’ 8’ 9’ 10 have reported an 
orange pink colour, by the combination of other rare earth oxides with CeCVP^On 
system. An orange pink colour was obtained in the system Sm20 3 - C e0 2-Pr6O n. However 
a number of bubbles were observed on the surface of ceramic test tiles when applied in the 
unleaded transparent glaze compared with the lead-containing glaze. This again contradicts 
the results reported by Sulcova and the difference could possibly be due to the difference 
in the glaze.
(5) THE AxB(2.x.y)Cry0 3 (A = RARE EARTH AND B = AI)Oi2 PEROVSKITE 
STRUCTURE
The use of AxB(2.x.y)Cry03  (A = rare earth and B = Al) perovskite type compound as red
11 19pigments in ceramics has been reported in the literature ’ contradicting the findings 
obtained in the present investigation. The intense red colour was observed in the powder 
form, however it produced light yellow colour when applied in the glaze. This again may 
be due to the difference in the glaze composition.
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8 SUMMARY AND GENERAL DISCUSSION
The primary objective of this project was to develop a range of environmentally friendly 
novel rare earth based pigments for use in the ceramic and glass industries. Rare earth 
oxides were considered to be of interest because they show very low toxicity compared to 
transition metal ions, have a bright appearance and have potential to form colours with 
defined mineral crystal structures. In this chapter the results obtained with various pigment 
systems are summarised and the mechanisms of their colour formation is presented. The 
various mechanisms that exist for the generation of colour are discussed and those 
important for ceramics are highlighted. The modification of the colour by the addition of 
another oxide has been explained in detail. A comparison between lanthanides and 
transition metal ions for colouring ceramics is given. The opportunity for application of the 
developed pigments in this research work are presented. The critical importance of the 
compatibility between the pigment and the glaze is described.
(1) INCORPORATION OF THE RARE EARTH OXIDES INTO DIFFERENT 
MINERAL STRUCTURES
According to the initial work programme, the objective was to identify potential colouring 
agents by incorporating various rare earth compounds into several mineral structures which 
are stable at high temperatures. The host lattice structures chosen for the experiments were 
zircon, spinel, sphene, garnet, olivine and alumina. The powder-mixing route has been 
investigated for the various combinations of rare earth oxides as a processing route. 
Praseodymium oxide in the zircon host lattice produced a yellow colour. Addition of 
cerium oxide to praseodymium oxide in the same host lattice moved the hue, across 
towards the orange region of the spectrum, but it was not a great shift in colour. The 
explanation for the shift in the colour is given at the end of this chapter. Terbium oxide 
addition created a lemon yellow colour in the host lattice zircon, different in shade from 
Pr-zircon yellow. Sodium fluoride and lithium fluoride were used as mineralisers to 
promote incorporation of the rare earth into the host lattice.
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Diverse characterisation methods such as X-ray diffraction, SEM, TEM, and particle size 
measurements have been carried out on the pigment powder samples. X-ray diffraction 
patterns of the powders at various calcination temperatures showed the presence of two 
different phases, zircon (ZrSiCU) and zirconia (Z1O 2). At lower temperatures (900°C and 
950°C), zirconia was found to be the major phase with little formation of zircon. The very 
pale colour obtained at these temperatures can be attributed to the poor formation of the 
host structure, zircon. At higher temperatures (1000°C-1450°C), zircon was the dominant 
phase with small amounts of un-reacted zirconia present in each case.
It was difficult to achieve the complete formation of zircon even if higher temperatures and 
different types and amounts of mineraliser were used. The weight fraction of the un­
reacted zirconia present in each case was calculated using an external standard method. 
SEM micrographs also revealed the presence of un-reacted zirconia, agreeing with the 
results obtained from the XRD. TEM characterisation performed on some samples 
indicated the presence of dislocations and elastic strains.
The pigment powders as prepared, were ground for several hours to reduce the particle size 
before putting them into the glaze. They were found to be stable when applied in the 
unleaded commercial transparent glaze. In all cases various shades of yellow and orange- 
yellow coloured glazed tiles were obtained. Reflectance and CIE measurements were 
performed on the powder samples and coloured glazed tiles using a spectrophotometer. 
The b* values were found to be higher in the glaze compared to the powder form for all the 
samples, which may be due to the reaction of un-reacted zirconia present in the powder 
samples with silica from the glaze to form zircon and hence producing intense coloration. 
The hue of the colour depends on the magnitude of the crystal field splitting, which in turn 
depends on the geometry of the surrounding ions and how close they are to the cations. 
The formation of more zircon makes the crystal field splitting strong and hence intense 
colour was observed.
Other rare earth oxides when added to different host lattices formed off-white colours and 
in some cases a very pale colour. This may be due to the poor formation of the host 
structure (evident from the x-ray diffraction patterns) and inability to incorporate the rare 
earth ions due to their large ionic radius. The very pale colour observed in some cases can
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be attributed to the creation of certain compounds (small amounts) due to the reaction of 
the rare-earth ions with other elements.
The mechanism of the colour formation in the zircon host lattice can be explained on the 
basis of crystal field splitting l ’ 2’ 3. Rare earth oxides (P^O n, Tb407) have seven (7) f 
orbitals and all the orbitals have the same energy in the ground state. When these rare earth 
oxides are put in a host lattice such as zircon, a rare earth ion from the respective rare earth 
oxide replaces one of the cations of the host lattice. The cation which it will 
substitute/replace depends on the size (ionic radius) of both the ions and the energy of the 
final system after the substitution has occurred. According to the 2nd law of 
thermodynamics, the lowest energy state of a system is considered to be the most stable. 
Several practical and theoretical calculations have already been reported where Pr3+ 
replaces the Zr4+ of the host lattice, ZrSiC>4. J. Andres et al. 4 have reported the theoretical 
calculation of the impurity centers of Pr doped zircon. The defect reaction energies (atomic 
units) are given below.
Impurity centre AE (a.u)
PrZr: Z rSi04 -0.5748
P rsi: ZrSiC>4 0.0413
PrZr: Z r02 0.3324
P rsi: S i0 2 0.3480
From the list above it is clear that Pr3+ will replace the Zr4+ in the zircon host lattice as Przr 
has the lowest AE value. Consequently due to this interaction of the f-electrons of the rare 
earth ion with the surrounding electrons, f orbitals split into two groups one having the 
higher energy and other having the lower energy (Figure: 2.12, chapter 2). There are two 
types of splitting possible. One is tetrahedral splitting where the rare earth ion is 
surrounded by a tetrahedron of 0 2'ions and the other is octahedral splitting where the rare 
earth ion is surrounded by octahedron 0 2 ions. The magnitude of the splitting for ions in a 
octahedron is greater than in a tetrahedron because in this case six negative ions are 
involved compared to four in a tetrahedron and they are closer to the cation resulting in 
strong crystal field splitting. The transition of energy from the higher energy level to the 
lower energy level gives rise to the characteristic colour if the energy falls in the visible
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region. Sodium fluoride (NaF) and lithium fluoide (LiF) were used as mineralisers to form 
the structure at lower calcination temperatures and also to achieve the electroneutrality 
required in the substitution.
It is also important to note that when rare earth oxides such as Pr60n and are
incorporated into the host lattice, ZrSiC>4 there is usually change in the lattice parameters 
and hence the unit cell volume whereas the structure remains unchanged.
(2) R2BaCu05 AND R2Cu20 5 (R=RARE EARTH) TYPE COMPOUNDS
Experiments were carried out on R2BaCu05  (R = rare earth) and R2CU2O5 (R = rare earth) 
type compounds for possible use as pigments in ceramic applications. Yellow-green 
coloured powders with a variation in the intensity were obtained with R2BaCu05  (R = Sm) 
at different calcination temperatures (950°C-1050°C) and soaking time (up to 12 hours). 
These powders were then optimised in terms of colour by altering the calcination 
temperatures. The best result (as far as an attractive colour is concerned) was obtained with 
the sample calcined at 1050°C. The same yellow-green colour powders were observed 
when Sm was replaced by other rare earth oxides except Y, and calcined at the same 
temperature. In the case of the Y addition, a dark green coloured powder was obtained. An 
X-ray diffraction pattern of the samples indicated R2BaCu05  (R = rare earth) to be the 
major phase present in each case, although traces of CuO and the respective rare earth 
oxides were still present.
Similarly, bluish green coloured pigment powders with a variation in their intensity were 
observed with R2CU2O5 (R = Dy) when calcined between (950°C-1050°C) with a 2 hours 
soaking time. The best result (as far as colour is concerned) was noticed with the sample 
calcined at 950°C. The same bluish green colour powders were observed when Dy was 
replaced by other rare earths. SEM micrographs of both types of compounds (R2BaCu05 
and R2CU2O5) obtained just after calcination at various temperatures revealed the presence 
of agglomerates in the samples, with an average grain size in the range 1-3 microns.
All the pigment powders of the type R2BaCu05  with the exception of the Sm doped 
materials were unstable and gave a bubble rich surface (Yttrium being the worst) in the
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unleaded commercial transparent glaze. In the case of Sm the yellow green coloured 
powder turned to a light green. This may be due to the breakdown of some of the 
Sm2BaCu05  resulting in a lesser amount of Cu2+ ion in the compound and hence producing 
a lighter colour. Similarly all the bluish green coloured powders were unstable in the glaze 
except R = Dy and Y. In the case of Dy, a raindrop effect was observed on the surface of 
the ceramic tiles. This stability problem may well be due to the reaction of the pigment 
with certain elements/compounds present in the glaze with the evolution of oxygen.
The creation of colour in R2BaCuOs and R2CU2O5 type compounds is considered to be due 
to the crystal field splitting of the d orbitals of Cu2+. It is believed that the d-d electronic 
transitions give rise to the colour in both cases. The magnitude of the splitting of the d- 
oribitals into appropriate energy levels was dissimilar in both types of compounds because 
3d-electrons would be expected to interact differently with the surrounding environment 
(due to the changes in geometrical arrangement). Hence the changes in the colour were 
observed. The same colour with a variation in the intensity was noticed by changing the 
rare earths in one type of compound. This was again considered to be due to the slight 
change in the energy levels (due to the crystal field splitting) caused by individual rare 
earths attached to the compound altering the energy of the bonds.
(3) Er6MoOi2  PIGMENT
Orange yellow colours were observed with a variation in their intensity by mixing suitable 
amount of Er203 and M0O3 and calcining at the appropriate temperatures (1200°C and 
1300°C) and soaking times (2, 4 and 6 hours). From the X-ray diffraction trace (obtained 
after calcination at 1200°C, 2 hours), E^M oO n was found to be the only phase present. 
When applied in the unleaded transparent glaze, the colour turned to a light pink. The 
colour of the precursor Er203 is light pink and hence it was speculated that this colour 
alteration might be due to the breakdown of E ^M oO n to Er2C>3 and M0O3 in the glaze. 
Er2C>3 was put in the glaze and the same light pink colour was generated. Therefore it is 
postulated that the coloured rare earth oxides supplied, such as Nd2C>3 can be used directly 
in certain ceramic applications when a pale colour hue is required. The colour developed in 
this case is attributed to the crystal field splitting of the d orbitals of the Mo6+ ion.
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(4) Bao.sLao.s Nao.s Cuo.5Si40io AND Bao.sLao.s Nao.s Cuo.5Si206 TYPE PIGMENTS
Bao.5Lao.5 Nao.s Cuo.sSUOio and Bao.sLao.s Nao.s Cuo.sSi2C>6 produced vivid blue and violet 
blue coloured powder at different calcination temperatures and soaking times. These 
pigment powders were optimised in terms of calcination temperatures and soaking times 
before further characterisation. Bao.sLao.s Nao.s Cuo.5Si4Oio was produced by replacing the 
Ba ion with Bao.sLao.s and Cu with Nao.sCuo.s in the compound BaCuSi4 0 io. Similarly 
Bao.sLao.s Nao.s Cuo.sSi2C>6 was obtained by replacing Ba with Bao.sLao.s and Cu with Nao.s 
Cuo.5 in the compound BaCuSi206. It was interesting to note that a violet colour powder 
was obtained with Bao.sLao.s Nao.s Cuo.sSi206 when calcined at 950°C for 2 hours, but 
increasing the temperature to 1050°C, produced a glassy phase. Bao.sLao.s Nao.s Cuo.sSi4 0 io 
formed vivid blue colours with a variation in the intensity when calcined at temperatures 
between 950°C-1050°C with a soaking time of 2, 4 and 6 hours.
From the X-ray diffraction of the powder samples, mixtures of phases were found to be 
present. In the case of Bao.sLao.s Naos Cuo.sSi4Oio, BaCuSi4Oio was found to be the 
dominant phase and the colour of this compound (phase) is, according to the JCPDS 
standard, blue and in the experiments a blue colour was noticed. Similarly Bao.sLao.s Nao.s 
Cuo.5Si20 6 was found to consist of two different phases, BaCuSi2C>6 and BaCuSi4Oio. The 
colour of the BaCuSi2C>6 and BaCuSi4Oio phases are violet and blue respectively according 
to the JCPDS standard. Since from the X-ray diffraction pattern BaCuSi2C>6 was found to 
be the dominant phase, in the experiment a violet colour with a blue hue was observed in 
the sample. These pigments were found to be unstable in the unleaded commercial 
transparent glaze and again this might be due to the reaction of the pigment with the glaze 
or the breaking down of the compound into individual compounds such as the constituent 
oxides.
The colour of the compounds BaCuSi4Oio and BaCuSi206 are blue and purple respectively 
5. These compounds have recently been shown to be complex copper silicates. The 
compounds are ring silicates in which the colour is derived from crystal field splitting of 
the Cu2+ d orbitals in a square planar environment. Hence experiments were carried out on 
these compounds, replacing Ba with Bao.sLao.5 and Cu with Nao.s Cuq.5 in order to see the
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effect of this replacement on the colour as well as intensity of the colour produced. This 
replacement was expected to affect the d-d electronic transitions of Cu2+ and consequently 
change in the C u-0 bond lengths.
(5) PIGMENTS BASED ON C e02
A number of trials were also performed on Ce02-Pr60n both in the presence and absence 
of the mineraliser NaF. A muddy red-brown colour powder was observed without flux and 
an orange colour with flux, after calcining at 1300°C. When applied in unleaded 
transparent glaze the colour disappeared giving rise to a bubble rich surfaces. Experiments 
were also carried out to see the influence of Sm203  on the colour hue of the Ce0 2 -Pr6 0 n 
system. An orange pink colour was observed after calcining at 1300°C without NaF 
whereas a reddish brown colour was observed with NaF present. X-ray diffraction patterns 
showed Ce(>2, to be the only phase present in each case. There was a change in the lattice 
parameter with and without flux. The reddish brown colour was unstable in the unleaded 
transparent glaze whereas orange pink colour produced the same colour in the glaze with 
bubbles on the surface of the ceramic tiles. Fewer bubbles were noticed when applied in 
the lead-containing glaze.
The colour developed in these systems can be attributed to the charge transfer mechanism 
6’ 1. According to Jorgensen and Rittershaus 8, the reddish-brown colour of the 
praseodymium-doped ceria is related to a charge transfer band due to electron transfer 
from the ligand orbitals to the praseodymium cation. The band structure model was 
proposed by Koelling 9 for C e02 and P r0 2 where the electronic spectra arise due to the 
electron transfer from the ligand orbitals to the localised 4 fJ level of the Pr4+ cation. It is 
important to note that the intensity of the colour in a charge transfer process depends on the 
number of electrons involved.
(6) PIGMENTS BASED ON PEROVSKITE STRUCTURE AxB(2.x.y)CrY03, A = 
RARE EARTH AND B = A1
Trials were also performed on the perovskite structure AxB(2-x-y)Cry03  (A = rare earth and 
B = Al). Yellow and different shades of brownish red colour were observed after calcining
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at different temperatures and soaking times for the specimens containing selective rare 
earths. CIELAB measurements were carried out on the pigment powder samples and the 
best result was obtained with the rare earth Er. When incorporated into the unleaded 
transparent glaze, the same stability problem was encountered and the colour turned to a 
dirty yellow.
In the structure (ABO3) where B = A1 and A = rare earths, the relative sizes of atoms are 
such that ternary oxides develop according to a non-ideal perovskite-type structure with a 
tolerance index t ~ 0.8-0.9. X-ray diffraction patterns confirmed the crystallization of the 
compound in the orthorhombic system. The colour developed in the system AxB(2-x-y)Cry03 
is attributed to the crystal field splitting of the energy bands 10.
The chromium ion having an ionic radius (0.69A) which is somewhat higher than that of 
the aluminium ion (0.50A) finds itself in a neighbourhood of oxygen atoms (ligands) 
tetragonally deformed (Figure 8.1). As a result of this, the ligands along the z-axis are in a 
position more distant from the central ion in comparison with the others. Consequently 
splitting of the d-orbitals of the Cr3+ ion and the transition of energy from the higher 
energy level to lower energy level gives rise to the colour. When the central ion, inside an 
octahedrally coordinated cage neighbourhood is chromium, the field is strong enough to 










Figure 8.1 Ligand field: d orbital interaction of central ion with 6 ligands of an octahedral
neighbourhood
(7) VARIOUS MECHANISMS FOR THE COLOUR GENERATION
It is apparent that there is no single approach that explains all the causes of colour. Several 
complex mechanisms exist for the generation of colour in the range of ceramic materials 
applied in decoration, which can be roughly classified as given below n :
(1) Vibrations and simple excitations:
The quantum theory leads to an understanding of excitations and energy level transitions 
and to colours produced by incandescent objects, flames etc.
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(2) Transitions involving ligand field effects:
The effect on electronic energy levels of the ligand field leads to the colour in transition 
elements and rare earth elements. The colour in most of the inorganic pigments and in 
many minerals and gems such as red ruby can be explained on the basis of this mechanism.
(3) Transition between molecular orbitals:
This mechanism explains the colour in most organic substances such as vegetable, 
synthetic dyes and pigments as well as minerals and gemstones such as blue sapphire and 
many inorganic pigments where colour develops due to charge transfer.
(4) Transition involving energy bands:
The mechanism is responsible for generation of colours in (a) metals (b) pure 
semiconductors (3) doped semiconductor (4) colour centres such as amethyst, smoky 
quartz, and glass.
(5) Geometrical and physical optics:
It covers a wide range of colours caused by dispersive refraction, polarization, scattering, 
interference and diffraction. Scattering causes the blue colour of the sky and the red colour 
of the sunset.
Of the mechanisms listed above numbers (2), (3) and (4) could be used to explain the 
creation of colour, as far as ceramics are concerned. Most of the pigments and colours that 
have been developed in this research work can be explained either by transitions involving 
ligand field effects known as crystal field splitting or transitions between molecular 
orbitals (charge transfer).
(8) MODIFICATION OF THE COLOUR
Sometimes, addition of an appropriate amount of a specific compound to an existing colour 
shifts the colour towards another part of the spectrum. This is known as modification of the 
colour and the compound, which modifies the colour, is known as a modifier. The change
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or modification of the colour is due to the change in the interaction of the surrounding 
electrons with the host lattice and consequently change in the bond length by the addition 
of the modifier. This can best be explained by giving an example.
When praseodymium oxide is incorporated into the zircon host lattice, Pr3+ replaces the 
Zr4+ and due to the interaction of the surrounding f- electrons with the host lattice, the f- 
orbitals split into two groups, one having a higher energy and other having a lower energy. 
Hence splitting of the energy level depends on the interaction of the surrounding f- 
electrons with the host lattice. Since the transition of energy from the higher energy level 
to a lower energy falls in the yellow region of the visible spectrum, a yellow colour is 
observed. Addition of CeC>2 shifts the colour towards the orange region of the spectrum 
because of the change in the splitting of the energy levels due to the change in the 
interaction of the f-electrons with the surrounding electrons of the host lattice, thereby 
inducing the colour change.
(9) COMPARISON OF THE LANTHANIDE IONS WITH THE TRANSITION 
METAL IONS
The lanthanides, so called rare earths, have electrons in partially filled 4f orbitals. Many 
lanthanides show colours due to the electron transitions involving 4f orbitals known as f-f 
transitions 12, 13. Similarly transition metal ions produce colours due to the 3d orbitals 
known as d-d transitions. However, there is a considerable difference between the 
lanthanides and the 3d transition metal ions. The 4f electrons in the lanthanides are well 
protected beneath an outer electron configuration (5s 5p 6 s ) and are therefore little 
influenced by crystal surroundings. Consequently it was expected that a wide range of 
intense and stable colours could be generated with lanthanide oxides. Unfortunately, with 
the exception of a few cases, off white colours and sometimes very pale colours were 
observed. This may be due to the lower number of excitations caused by the well-shielded 
f electrons.
In the case of transition metal ions/oxides, wide ranges of intense colours have been 
produced. This could well be due to fact that the 3-d electrons are more free compared to 
the f-electrons and can take part in the interaction (bonding) very easily, creating a wide
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selection of colours. The current research work indicates that rare earth oxides could not 
replace the colours obtained by the various transition metal oxides used for colouring 
ceramics. However pigments/colours fabricated in this research work can be used as a set 
of alternative colours for ceramic decoration applications.
(10) COMPATIBILITY: THE MOST IMPORTANT FACTOR FOR CERAMIC 
APPLICATION
Finally compatibility of the pigment powders and the glaze is clearly one the most 
important factors for ceramic decoration applications 14,15,16. Some intense colour pigment 
powders obtained in this research work were not stable in the glaze. In some cases, the 
colour completely disappeared and other cases, a bubble rich surface appeared whereas the 
colour was retained. This may be due to two reasons. First of all, the pigment may dissolve 
in the glaze or may react with the specific elements of the glaze. There are thousands of 
glazes available on the market and they vary slightly from each other in their chemical 
compositions. Sometimes the presence of small amounts of specific elements/compounds 
in the glaze can lead to reaction with the pigment making the pigment unstable in that 
particular glaze. It is hard to predict why a certain pigment is not stable in a specific glaze 
unless the exact composition of the glaze is known. The precise composition of the glaze 
cannot generally be obtained due to the confidential nature of the manufacturing route of 
the company. Occasionally the composition of the glaze can be formulated with the 
requirement that no reaction occurs between the glaze and the pigment.
(11) CONCLUDING REMARKS
For ceramic applications, pigments have to be stable at a high temperature, which restricts 
the ceramic colour palette. There are plenty of inorganic pigments available in the market. 
Only a few of them can be used for ceramic applications. Hence developing new pigments 
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•  Incorporation of P ^O n into the zircon host lattice produced a yellow coloration at 
calcinations temperatures from 900°C-1200°C.
•  From the XRD traces of the samples at 900°C and 950°C, large amount of un-reacted 
zirconia were found to be present. At 1000°C, 1100°C, and 1200°C, zircon was found to be 
the major phase although traces of zirconia were detected.
•  SEM micrographs revealed the presence of tetrahedral crystals and un-reacted zirconia 
whereas TEM micrographs shown the presence of dislocations and elastic strains present in 
the samples at different calcinations temperature.
•  The pigment was stable in the unleaded commercial transparent glaze. The CIE values 
(L*, a, *b*) were found to be higher in the glaze compared to the pigment powder.
(Ce02+Pr6On)+Zircon pigment
•  Addition of CeC>2 to P^O n in the same host lattice in various ratios and calcined at 
different calcination temperatures produced orange yellow coloration. The most intense 
colour was obtained with Pr/Ce = 50:50, calcined at 1100°C.
•  X-ray diffraction showed the presence of two different phases of zircon and zirconia. 
SEM micrographs also showed the presence of two different phases, which was in good 
agreement with the results obtained from XRD.
•  The pigment produced orange yellow coloration in ceramic test tiles and hence could be 
considered as a stable pigment. CIE parameters were also found to be higher in the glaze 
compared to the pigment powder.
Tb-Zircon pigment
•  Various shades of yellow (different from Pr-Zircon yellow) were observed when terbium 
oxide was incorporated into the zircon host lattice in the presence of different types and 
amounts of mineraliser and calcined at various temperatures.
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•  X-ray diffraction was used to locate different phases. From the diffraction patterns it was 
seen that at 1150°C and 1250°C, most of the peaks belonged to zircon although traces of 
zirconia were detected when LiF (2%) was used as a mineralier. Larger Z1O 2 peaks were 
observed at 1150°C, LiF (5%) compared with 1150°C, LiF (2%).
The Z1O 2 peaks were higher for the sample calcined at 1150°C compared with 1250°C 
when NaF was used as a mineralier. Less intense peaks of ZrC>2 were observed at 1150°C, 
NaF (5%) compared with 1150°C, NaF (2%).
•  Similar diffraction patterns were obtained by increasing the temperature from 1150°C to 
1250°C using NaF (5%) as a mineraliser. A further increase in temperature to 1450°C did 
not have any effect on the phases. By increasing the concentration of the colouring oxide, 
terbium oxide, from 2.5% to 5% and then to 10%, similar diffraction patterns were 
obtained.
•  From the XRD traces of the samples no compounds other than ZrSiC>4 and ZrC>2 were 
detected. Hence it was believed that almost the whole of the added T b ^  had been 
incorporated into the zircon structure to form the solid solution
•  SEM micrographs of the samples indicated the growth of tetrahedral shaped crystals. 
Large amounts of un-reacted zirconia were found to be present in the sample when 2% 
mineraliser was added compared to 5%, which was in good agreement with the results 
obtained from XRD. The same zircon crystals were observed by the use of lithium fluoride 
as a mineraliser but the shape of the crystals was different.
•  Average particle sizes were increased with the increase in the temperature and amount of 
mineraliser. Increasing the concentration of terbium from 0.025 to 0.5 increased the 
average particle size and which decreased for additions above 0 .1.
•  Increasing the concentration of the terbium oxide from 2.5% to 5% increased the b* 
value (hence colour) but a further increase in concentration to 10% did not affect the 
intensity of the colour appreciably.
Other rare earth oxides + different host lattices
•  Other rare earth oxides produced only off white colours except Er203, which produced a 
very pale pink colour.
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Rare earth cuprates, R2BaCuC>5 and R2Cu20 5  type pigments (where R = rare 
earth)
•  R2BaCu05  type compounds produced yellow-green colour powders except for Y. In the 
case of Y, a dark green colour powder was observed. Bluish green colour powders were 
obtained with R2CU2O5.
•  From the X-ray diffraction patterns of the samples, rare earth cuprates were found to be 
the major phase although traces of CuO and sometimes rare earth oxides were still present.
•  R2BaCuC>5 type yellow-green pigments turned into light green when applied in the 
unleaded transparent glaze. Y2BaCuOs produced a bubble rich surface. R2CU2O5 type 
pigments turned into light green except for the rare earth Dy and Y.
Er6MoOi2 pigment
•  Orange-yellow colours were observed at calcinations temperature of 1200°C and 1300°C 
with various soaking times.
•  The X-ray diffraction pattern at 1200°C for 2 hours showed the single-phase nature of the 
compound.
•  The pigment powder turned to light pink when applied in the unleaded transparent glaze.
Bao.5Lao.5 Nao.5 Cu0.5Si4Oi0 as vivid blue and Ba^La^s Nao.5 Cu0.5Si2O6 as 
violet blue pigment
•  Bao.sLao.s Nao.5 Cuo.5Si4Oio gave vivid blue colour powders when calcined between 
950°C-1050°C at different soaking times and Bao.sLao.5 Nao.5 Cuo.sSi2C>6 produced violet- 
blue colour powders when calcined at 950°C for 2 hours.
•  X-ray diffraction pattern for Bao.sLao.s Nao.5 Cuo.5Si4Oio showed the presence of the 
phases (a) BaCuSi4Oio (b) La2Si2 0 7 (c) SiC>2 and La2C>3 (trace) whereas the X-ray 
diffraction pattern of Bao.sLao.s Nao.5 Cuo.sSi2C>6 showed the presence of the phases (a) 
BaCuSi4Oio and (b) BaCuSi2C>6




• Ce(i-X)Prx02 (x = 0.05) produced an orange pink colour with NaF as flux whereas a 
reddish brown colour was noticed without flux when calcined at 1300°C for 2 hours. 
Sm203 in combination with Ce(i_X)Prx02 (x = 0.05) produced an orange pink colour without 
flux when calcined at 1300°C for 2 hours
•  From the X-ray diffraction spectra Ce02 was found to be the only phase present in each 
case.
•  There was an increase and decrease in the lattice parameter with and without flux 
respectively.
•  The colour disappeared and gave a bubble rich surface when applied in the glaze.
•  Orange-pink colour ceramic test tiles were obtained with small amounts of bubbles on 
the surface of the ceramic tiles. Less bubble were noticed when applied in a lead 
containing glaze compared with an unleaded transparent glaze.
AxB(2-x-y)CryC)3 (A = rare earth and B = Al) perovskite type compound
•  AxB(2-x-y)Cry03  (A = rare earth and B = Al) produced different shades of red and yellow 
colour depending on the rare earth, value of x and y and calcination temperature. An 
intense brownish-red colour was obtained when the rare earth = Er and x = 1, y = 0.06.
•  From the X-ray diffraction spectrum, Er (Al Cr)C>3 was found to be only phase present.
•  SEM micrograph indicated the presence of agglomerates as well as of two different types 
of crystals as far as shape is concerned. EDX spectra confirmed that both type of crystals 
had the same composition.
•  The pigment was not stable and the brownish red colour turned into very pale yellow in 
the glaze when applied in an unleaded transparent glaze.
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APPENDIX (I)
Fabrication of the alumina crucibles
(using slip casting and plaster of Paris mold)
(1) Ball mill 200gms ALCAN RA45E (special grade of alumina) and 100ml of distilled water 
(must be Ph 5.0 or below) + 2.4 gms of dispex (Acrylic polymer) for lhour.
(2) Pour mixtures into moulds and leave for 10 seconds or up to several minutes depending on the 
thickness of the wall required.
(3) Allow it to dry in the moulds for 24 hours.
(4) Take out of moulds and dry on at room temperature (25°C) for 24 hours.
(5) Place in a 50-60°C oven for 24 hours.
(6) Once more place in an oven at just below 100°C for 8 hours then turn the oven up to just over 
100°C for 12 hours.
(7) Now components are ready for firing, (a) 0-900°C, this temp allows them to be handled easily 
without breaking, (b) 0-1500°C for the final fired product.
First sintering regime:
Prl - 150°C/ hour
Pll - 900°C
Pdl - 1 hour
Pr2 - 100°C per hour
P12 - 200°C
Pd2 -  0.1 hour and then furnace cool.
Second sintering regime:
Prl - 150°C/ hour 
Pll -900°C 
Pdl - 0.1 hour 
Pr2 - 120°C per hour 
P12 - 1500°C 
Pd2 - 2 hours
Pr3 - 100°C per hour down 
P13 - 1000°C
Pd3 - hold for 0.1 hour and then furnace cool.
Where
Pr - ramp rate 
PI - temperature 
Pd - soaking time
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